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GENERAL ABSTRACT 
Managers involved in greenhouse industry are faced with the issue of how to maximize 
the potential use of modern greenhouse technology in order to maintain or to strengthen 
their competitive edge in a highly competitive market and to meet the environmental 
regulations dictated by governments. Unquestionably, they could benefit from this 
potential, provided they were capable to make at any moment appropriate tactical and 
strategie decisions, notably decisions that would optimize net income. The present study 
deals with an ecophysiological study on the suitability of various techniques for 
providing relevant erop information. It concentrates on information that can be relied 
upon to support strategie and tactical decision making in foliage pot plant culture. The 
aims of the work were to conduct an ecophysiological study with respect to the 
suitability of : 
- "shortwave irradiance based" growth functions for generating the baseline of plant 
growth. The concerning baseline affords to evaluate the adequacy of the growth 
conditions in terms of plant growth as well as in terms of economie results . In this 
re gard, actual growth data should continuously be compared throughou t the growth 
period against the baseline ; 
- biosensors for on-line monitoring of relevant plant processes and or state variables. 
The information obtained from the analysis of the sensors' signa! can be relied upon 
to select more appropriate setpoints for greenhouse elimate controL 
To evaluate decision making, actual growth should continuously be compared against 
a baseline of previously obtained growth. In the present study, "shortwave irradiance 
based" growth functions (i.e. with the irradiance integral as independent variate) have 
been introduced as a means to provide the baseline of plant growth. Signals obtained 
from biosensors can be used directly in elimate control or scheduling schemes or they 
can be further processed to yield properly parametrized response curves that can be 
integrated in a growth or in a bio-economic model. Growth roodels can be applied for 
plant growth monitoring, bio-economic rnadeiscan be utilized to simulate the econ<Dtiiic 
yield resulting from specific control or design actions, allowing as such to select the 
actions that optimize an economical performance measure, such as net income. 
The use of irradiance based growth Junelions for providing a baseline of plant growth 
The proposal to use a growth function that relates leaf area expansion to shortwave 
irradiance integral for providing the baseline of foliage pot plant growth can be 
motivated because in greenhouses, light is a major factor limiting plant growth and it 
V 
is not fully or not at all controlled. The choice to use leaf area as output variabie can 
be justified because leaf area relates with the omamental value of foliage pot plants. 
However, from a physiological point of view, it can be questioned whether observations 
of irradiance integral and leaf area expansion of plants of the same type which have 
been grown under environmental conditions alike except for light, may be 
accommodated by a unique curve. In other words, can growth merely be explained by 
irradiance integral, being the product of time and irradiance, or alternatively, is it 
affected by the time course of irradiance as well ? 
I evidenced that "shortwave irradiance based" growth curves of various foliage pot plant 
species, namely Ficus benjamina, Dieffenbachia bowmannii and Schefjlera arboricola, 
which were derived from winter experiments, did not differ significantly from those 
derived during summer, corroborating the belief that within the range of natura! day 
lengths and of irradiances observed in shaded greenhouses, plant growth would merely 
be determined by the irradiance integral. Accordingly, once parametrized, a "shortwave 
irradiance based" growth function can be applied in subsequent growth experirnents to 
predict how growth would have evolved if plants had been grown under environmental 
conditions alike as in the previous experiment, notably the experiment that provided the 
baseline, regardless of the experirnents' starting date, the greenhouses' location and their 
transmission characteristics. 
The uniformity between plant growth and irradiance integral was interpreted by 
consiclering that growth is composed of two processes : firstly, conversion of light 
energy to plant dry mass, notably C02 assimilation by the leaves and conversion of 
assimilate to structural and long term storage compounds , the efficiency of which 
decreases with increasing irradiance, and secondly, the loss of dry mass through 
rnainterrance respiration, the relevanee of which in net dry mass gain increases with 
increasing time span or with decreasing irradiance. A simulation study in which both 
processes were accounted for in computing leaf area expansion, illustrated that the ratio 
between the rate of leaf area expansion and the rate of supply of shortwave radiation 
would be relatively unaffected by irradiance. However, below a very low irriadiance, 
the concerning ratio decreases substantially. Moreover, at high irradiances, it decreases 
slightly with increasing irradiance. Furthermore, it was argued that the threshold values 
of irradiance beyond which the concerning ratio decreases substantially, may change 
owing to acclimation. In this regards, it was speculated that acclimation to low 
irradiance would result in a decline of the lower threshold value, whereas acclimation 
to high irradiance would lead to an increase in the upper threshold value. 
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The use of biosensors for on-line measuring relevant plant processes ar state variables 
Arguably, processes that should be measured preferentially are C02 uptake and water 
losses by the leaves. An important state variabie to be monitored is plant water status. 
To be of use in elimate control, these processes or parameters should be measured in 
real-time. I proposed to use the pulse amplitude modulated (PAM) chlorophyll 
fluorescence technique for monitoring leaf C02 assimilation rate. The micromor-
phametrie metbod has been introduced as a technique for measuring plant water status 
and plant water losses. 
Unquestionably, C02 assimilation is a key process in plant growth. Furthermore, it 
interacts with many other constituent processes, such as assimilate utilization in sinks. 
On-line measurement of C02 assimilation rate may be applied twofold : first of all, it 
can be integrated directly in feedback control schemes. As far as this possibility is 
concemed, many applications can be proposed, notably for control of ambient carbon 
dioxide, irradiance , temperature, etc ... Secondly, recursive algorithms can be applied to 
on-line measurement of C02 assimilation rate as to identify, in real-time, the parameters 
of photosynthetic responses to light, carbon dioxide, temperature, etc ... The response 
curves can be integrated then in a growth model or a bio-economic model, yielding as 
such an "operational" model. 
The choice of the PAM chlorophyll fluorescence technique for monitoring leaf C02 
assimilation rate and for predicting plant growth can be motivated as various studies 
imparted that chlorophy 11 fluorescence allows for rapid assessments of the efficiency 
with which absorbed light energy is utilized in photosystem II (PSII) reaction centers 
for photochemistry (cJ>Psu). Leaf enelosure is not required. Moreover, portable equipment 
is available on a commercial basis. To assess the validity of using chlorophyll 
fluorescence measurement for predicting in natura! (i.e. photorespiratory) conditions rate 
of co2 assimilation and plant growth as well, a greenhouse growth experiment, that 
consisted of two carbon dioxide treatments, was conducted with F. benjamina. During 
this experiment, chlorophyll fluorescence was regularly measured on leaves from 
different layers of the canopy. Chlorophyll fluorescence measurement was translated 
into rate of C02 assimilation. The resulting observations of C02 assimilation rate 
afforded then to identify the parameters of the photosynthetic light response curves. The 
light responses were integrated in a growth model. Finally, the model was applied to 
predict leaf area expansion tbraughout the growth period. Daily leaf area was compared 
then against measurement. 
In this study, [(F'm-F,)/F'm], where F'm is the maximum chlorophyll fluorescence intensity 
VIl 
observed upon the application of a saturating light pulse and F, is the steady-state 
fluorescence intensity, has been retained as measure of <I>Psu (Genty et al., 1989). In an 
initia! attempt and because measurements were conducted under photorespiratory 
conditions, and knowing that photorespiration complicates the relationship between 
fluorescence and co2 assirnilation, regression equations were developed to translate 
<i>PSll> being derived as fCF'm-F,)/F'mL into quanturn yield of co2 assirnilation C<l>c02). 
Sirnultaneous chlorophyll and gas exchange measurement from a Iabaratory study 
irnparted that the ratio of <l>c02 to <I>Psu can be described by a linearly decreasing 
function of the photosynthetic photon flux incident on the leaf. The intercept and the 
slope can be approximated by a linearly increasing and decreasing function, 
respectively, of the ambient carbon dioxide mole fraction. 
The regression equations were applied then to independent observations of [(F'm-F,)/F'ml1 
obtained throughout the greenhouse growth experiment. Daily leaf area measurements 
and predictions, provided by a growth model, with the photosynthetic light response 
curve being parametrized by using the chlorophy 11 fluorescence based assessments of 
leaf co2 assirnilation rate, agreed for both carbon dioxide treatments within the 5% 
range. Clearly, the close agreement between measurement and prediction supported the 
contention that chlorophyll fluorescence measurement appears as a useful rapid probe 
that offers a quantitative estimation of leaf co2 assirnilation rate and, via further 
processing and mode11ing, of plant growth as we11. Hence, chlorophy11 fluorescence 
measurement, when properly processed, may provide relevant erop information to the 
decision maker. 
However, it has to be acknowledged that the conversion factor to be used to translate 
[(F'm-F,)/F'ml to <l>co2 does not merely depends upon photosynthetic photon flux and 
ambient carbon dioxide. The prerequisite to recalibrate the "conversion equation" 
repeatedly to extend its use for a wider range of environmental conditions might be a 
major problem. Anyway, the promising results of the preliminary study stirnulated me 
to investigate first of all the relationship between chlorophy 11 fluorescence and co2 
assirnilation under a wider range of leaf me tabolie states and secondly, to intoduce a 
more mechanistic approach fortranslating measurement of chlorophy11 fluorescence into 
rate of C02 assirnilation. The rationale of doing so was to develop an approach that 
would be applicable to a range of conditions as wide as possible and this without 
resource to any calibration. In this respect, I hypothesized that [(F'm-F,)/F'ml would be 
an unbiased estimate of <I>Psu and that [(F'm-F,)/F'm], when multiplied with the 
photosynthetic flux absorbed by the leaf and a constant to account for the light energy 
distribution between PSI and PSU, would give the rate of linear electron flow. 
Furthermore, I hypothesized that the reactions of the photosynthetic carbon reduction 
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(PCR) and those of the photosynthetic carbon oxidation (PCO) cycles were the major 
sinks of products emanating from linear electron flow (ATP and NADPH) and that 
dissipation of these products towards alternative processes could be neglected. Hence, 
under these assumptions, and knowing that information on the co2 photocompensation 
point and on the concentration of dissolved carbon dioxide at the sites of carboxylation 
affords to assess the distribution of ATP and NADPH between the reactions of the PCR 
and PCO cycles, it would be possible to arrive at a good estimate of the gross rate of 
CQ2 uptake from measurement Of <PPSII · 
Form simultaneous gas exchange and chlorophyll fluorescence measurement, I 
evidenced that in non stressed F. benjamina and S. arboricola leaves, predierion of 
linear electron flow rate merely matches with electron requirement of the PCR and PCO 
cycles when C02 assimilation is light limited. In case carbon dioxide or orthophospha te 
availability limits C02 assimilation, preilietion of linear electron flow rate overestimates 
the PCR and PCO cycles' electron requirement. Moreover, the disparity between 
preilietion and measurement increases upon water stress induction. The disparity imparts 
that either the assumption that [(F'm-F,)/F'm] would be an unbiased estimate of <j>p511 , or 
the assumption that the light energy distribution between PSI and PSII would remain 
constant or the assumption that alternative processes would be of minor importance in 
light energy dissipation or any combination of these assumptions, is inappropriate. 
Furthermore, the C02 photocompensation point, which has to be derived from gas 
exchange measurements , appears to be highly variable. The practical implication of 
these findings is that the use chlorophy 11 fluorescence measurement for predicting rate 
of C02 assimilation without resource to gas analysis is not a possibility at all. Hence, 
if one wants to use chlorophyll fluorescence measurement to predict confidently and 
accurately rate of C02 assimilation, one has to rely upon regression equations. These 
equations should be properly calibrated, namely for the prevailing species and for the 
crop's physiological state. 
The micromorphometric technique, consisting in a continuous stem diameter monitoring, 
has been introduced as a promising technique with many applications for greenhouse 
elimate and irrigation management. To achieve a sound introduetion of the 
micromorphometric signa! in either control or scheduling schemes, a comprehensive 
study has been · carried out with F. benjamina and S. arboricola to assess the 
involvement of various processes in the micromorphometric reactions. These processes 
are water uptake and water losses, daily co2 assimilation and assimilate translocation. 
From this study emerged that I) diurnal changes undergone by the stem diameter reflect 
the imbalance between plant water uptake and losses. Consequently, the diurnal 
shrinkage of stem diameter can be used as a measure of the provisory negative plant 
ix 
water status ; 2) in the absence of environrnental stress (water shortage or low nocturnal 
temperatures), daily evolution (DE) of the stem diameter is directly proportional to daily 
leaf C02 uptake. Accordingly, it can be relied upon as a measure of daily leaf C02 
uptake ; 3) in case of water stress, a deeline in DE can be viewed as due to an 
insufficient nocturnal recuperation of the water "borrowed" from the stores during the 
preceding day as well as to an impaired photosynthetic activity ; in case of a night chili, 
a deeline in DE would reflect inhibition of nocturnal assimilate transport. Hence, in 
these specific cases, the DE parameter does not afford to assess photosynthetic activity. 
Clearly, the findings of the present study showed that the continuous monitoring of the 
stem eliameter provides relevant information on plant function. However, to improve the 
quality and amount of information obtained from the NSDC signa!, its interpretation has 
to be properly carried out, taking into account the prevailing elirnatic data. 
Unquestionably, when adequately translated and adapted, the NSDC signa! affords an 
optima! synchronization of greenhouse elimate control with actual plant requirements. 
Finally, I focused on the application of the micromorphometric method for irrigation 
scheduling, notably as a means todetermine time and amount of water supply. Because 
the shrinkage appeared to be a suitable measure of the provisory negative plant water 
status, its increase could be advocated as an indicator for triggering irrigation. 
Nevertheless , I pointed out that as the plant is situated midway in the pathway of water 
between the soil and the atmosphere, stem diameter contraction should be interpreted 
with due regard of the elirnatic water demand as well. In this regards, I argued that 
measurement of irradiance (or photosynthetic pboton flux) can be introduced indecision 
rnaicing to account for elirnatic water demand. I evidenced subsequently that by relying 
upon irradiance measurement, it is possible to assign the cause of an increase in stem 
diameter shrinkage to either excessive water losses or alternatively, to inadequate 
substrate water availability and to state consequently whether a significant increase in 
stem diameter contraction requires water output (shading, humidifying) or water input 
(irrigation) control actions. Furthermore, I demonstrated that in the absence of water 
stress, the signa! of stem diameter fluctuations can be confidently and accurately 
translated into rate of transpiration. Knowledge of transpiration rate provides inference 
of the substrate water content and accordingly, of the amount of water that has to be 
supplied to compensate for the losses. Nevertheless, to make the metbod operational, 
it should be provided first with training data, consisting of simultaneous measurements 
of transpiration and stem diameter contraction. 
Finally, I dwelled upon possibilities of how to integrate the various techniques into a 
cultivation support system. Likewise, ideas for further research have been launched. 
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ALGEMENE SAMENVATTING 
Tuinder-managers worden in steeds sterkere mate geconfronteerd met de vraag hoe zij 
het potentieel van de moderne serre-technologie maximaal kunnen benutten. Via een 
betere benutting van de betreffende technologie kan de tuinder zijn competitief voordeel 
in een sterk competitieve markt veilig stellen of eventueel nog versterken en kan hij 
tevens tegemoetkomen aan de strengere milieuwetgevingen. Het is zonder meer 
duidelijk dat de tuinders de mogelijkheden van de serre-technologie ten volle zouden 
kunnen benutten indien zij in staat zouden zijn om op elk moment de juiste keuzes· te 
maken bij strategische en taktische beslissingen, in het bijzonder deze keuzes die 
resulteren in een maximaal netto-inkomen. In voorliggende studie werd een 
ecofysiologsiche studie uitgevoerd met betrekking tot de bruikbaarheid van verschillende 
technieken met het oog op het bekomen van relevante gewasinformatie. Het betreft hier 
informatie die kan aangewend worden ter ondersteuning van de strategische en taktische 
beslissingen die elke bladsierplantenteler moet nemen. De doelstellingen van het werk 
waren een ecofysiologische studie uit te voeren met betrekking tot de bruikbaarheid van: 
- stralingsgebonden groeifuncties voor het genereren van een basislijn. De betreffende 
basislijn kan aangewend worden om de kwaliteit van de groei-omstandigheden te 
evalueren in termen van plantengroei en verder in termen van economisch 
rendement. In dit verband kan de actuele groei tijdens het verloop van het 
groeiseizoen dag op dag vergeleken worden tenopzichte van de basislijn ; 
- biosensoren voor on-line monitoring van relevante plant processen en of 
toestandsvariabelen . De informatie, bekomen na verdere verwerking van de 
sensorsignalen, kan aangewend worden om te komen tot meer oordeelkundige keuzes 
met betrekking tot de instellingen voor de controle van het kasklimaat. 
Voor evaluatie van de verschillende beslissingen, kunnen actuele groeiwaarden dag op 
dag vergeleken worden tenopzichte van de basislijn van de groei . In voorliggende studie 
werd voorgesteld om de basislijn te genereren met stralingsgebonden groeifuncties (in 
het bijzonder, groeifuncties waarin de kortgolvige stralingssom als onafhankelijk 
veranderlijke fungeert). De signalen van de biosensoren kunnen hetzij direct 
geïntegreerd worden in klimaatscontrole, hetzij aangewend worden om de parameters 
van respons krommen te identificeren. De respons krommen kunnen vervolgens 
geïntegreerd worden in een groeimodel. Een groeimodel kan aangewend worden voor 
monitoring van de plantengroei. Daarnaast kan een groeimodel verder geïntegreerd 
worden in een bio-economisch model. Een bio-economisch model laat toe om te 
simuleren hoe het economisch rendement beïnvloed wordt doorcontrole-aktiesof door 
design beslissingen. In dit verband kan de meest gunstige optie uit een aantal 
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alternatieven geselecteerd worden (met name deze optie die het economisch rendement 
optimiseert). 
Het gebruik van stralingsgebonden groeifuncties voor het genereren van de basislijn 
voor de groei 
Het voorstel om de basislijn te beschrijven met behulp van groeifuncties die de toename 
van de bladoppervlakte relateren met de kortgoJ vige stralingssom, valt te motiveren daar 
in serres licht vaak de limiterende groeifactor is. Bovendien is licht slechts in beperkte 
mate-te-controleren. De bladoppervlakte is een zinvolleoutput variabele gezien zij deels 
de sierwaarde van bladsierplanten bepaalt. Op basis van fysiologische argumenten kan 
men de uniformiteit van stralingsgebonden groeifuncties echter in vraag stellen. In dit 
verband is het a priori niet duidelijk of waarnemingen van de kortgolvige stralingssom 
en de bladoppervlakte van een gegeven species en bekomen onder specifieke groei-
omstandigheden, kunnen beschreven worden aan de hand van een unieke kromme. Met 
andere woorden, kan de groei louter verklaard worden door de som van de kortgolvige 
straling, zijnde het produkt van tijd en intensiteit, of wordt de groei anderzijds mede 
bepaald door het tijdsverloop van de kortgolvige stralingsintensiteit. 
Aangetoond werd dat stralingsgebonden groeifuncties van verschillende bladsierplanten, 
met name van Ficus benjamina, Dieffenbachia bowmannii and Schefjlera arboricola, 
en afgeleid van winter experimenten, niet significant verschillend waren van de 
groeifuncties afgeleid van zomerexperimenten. Deze vaststelling bevestigde de opvatting 
dat, binnen de grenzen van natuurlijke daglengtes en van de stralingsintensiteiten die 
waargenomen worden in serren waarin de mogelijkheid tot schermen voorhanden is, de 
groei van planten hoofdzakelijk bepaald wordt door de kortgolvige stralingssom. 
Eenmaal de parameters van een stralingsgebonden groeifunctie gekend zijn, kan de 
betreffende functie aangewend worden om het groeiverloop te beschrijven in verdere 
experimenten, onafhankelijk van hun startijdstip, hun lokatie en van de serre-transmissie 
coëfficiënten. Een nodige voorwaarde is wel dat de instellingen met betrekking tot de 
controleerbare groei-omstandigheden analoog zijn als in het referentie-experiment (met 
name het experiment dat werd uitgevoerd om de basislijn op te stellen). 
De uniformiteit van de relatie tussen de groei en de kortgolvige stralingssom werd 
geïnterpreteerd door de groei op te vatten als bestaande uit twee deelprocessen : 
teneerste de omzetting van lichtenergie naar plantenbiomassa, en tentweede, de 
vrijstelling van koolstof dioxide ten gevolge van onderhoudsrespiratie. De efficiëntie 
van het eerste proces neemt af met toenemende stralingsintensiteiten. De vrijstelling van 
koolstof dioxide is direct evenredig met de tijd en derhalve wordt haar effect des te 
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belangrijker in de groei of de bladoppervlaktetoename indien de kortgolvige 
stralingsintensiteit afneemt. Via een simulatiestudie, waarin beide processen in rekening 
werden gebracht, kon aangetoond worden dat de toename van de bladoppervlakte per 
eenheid van stralingssom, slechts in beperkte mate beïnvloed wordt door de kortgolvige 
stralingsintensiteit, althans binnen bepaalde grenzen met betrekking tot de kortgolvige 
stralingsintensiteit. De betreffende verhouding neemt namelijk in belangrijke mate af 
wanneer de kortgolvige stralingsintensiteit daalt onder een kritisch niveau. Bovendien 
neemt de verhouding geleidelijk af bij hoge stralingsintensiteiten. De kritische waarden 
van de kortgolvige stralingsintensiteit waarboven of waaronder de verhouding van de 
bladoppervlaktetoename tot de toename van de kortgal vige stralingssom afneemt, 
veranderen waarschijnlijk tengevolge van akklimatisatie. In dit verband werd 
gesuggereerd dat tijdens de winter de ondergrens waarschijnlijk naar beneden toe 
verschuift, terwijl tijdens de zomer de bovengrens naar boven toe verschuift. 
Het gebruik van biosensoren voor on-line monitoring van plant processen en of 
toestandsvariabelen 
De opname van koolstof dioxide tengevolge van C02-assimilatie en de verliezen van 
water tengevolge van transpiratie zijn plantprocessen die bij voorkeur zouden moeten 
opgemeten worden. Een belangrijke toestandsvariabele is de plant-water status. Om 
bruikbaar te zijn voor klimaatscontrole, moet de informatie omtrent processen of 
toestandsvariabelen in reai-time beschikbaar zijn. Voorgesteld werd om de pulse 
amplitude modulated (PAM)-chlorofiel-fluorescentie techniek te gebruiken voor 
monitoring van de C02-assimilatie snelheid. De micromorfometrische methode werd 
geïntroduceerd voor monitoring van de plant-water status en van de plant-water 
verliezen. 
C02-assimilatie vervult ontegensprekelijk een sleutelrol in de groei van de plant. 
Bovendien verloopt het proces van C02-assimilatie in wisselwerking met andere 
subprocessen, bijvoorbeeld met het verbruik van assimilaten in sinks. On-line 
monitoring van C02-assimilatie snelheden is belangerijk om tweeërlei redenen : 
teneerste kunnen de opmetingen direct geïntegreerd worden in feedback controle 
schema's . Verschillende toepassingen kunnen met betrekking tot deze mogelijkheid 
beschouwd worden. In dit verband kan bijvoorbeeld gedacht worden aan de controle van 
de koolstof dioxide concentratie, de instraling, de temperatuur, enz ... Ten tweede kunnen 
de opmetingen aangewend worden voor on-line identificatie van de parameters van 
fotosynthetische respons krommen (C02-, licht-, temperatuurs-responsiekrommen). De 
opmetingen kunnen in dit verband fungeren als input van rekursieve 
parameterschattingsmethoden. De respons krommen kunnen vervolgens geïntegreerd 
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worden in een groeimodel of in een bic-economisch model. In dit vervand komt men 
tot een "operationeel" model. 
De keuze van de PAM-chlorofiel-fluorescentie techniek voor monitoring van de blad 
C02-assimilatie snelheid en voor de voorspelling van de snelheid van de plantengroei, 
heeft in eerste instantie te maken met het feit dat verschillende studies reeds hebben 
aangetoond dat de chlorofiel-fluorescentie techniek toelaat om op een snelle manier de 
efficiëntie te bepalen waarmee geabsorbeerde stralingsenergie gebruikt wordt in 
reactiecentra van fotosysteem II (PSII) voor fotochemische reacties (de betreffende 
efficiëntie wordt verder aangeduid als <Pps11). Het blad dient hiertoe niet ingesloten te 
worden in een cuvette. Bovendien is de fluorescentie-apparateur draagbaar en 
beschikbaar op een commerciële basis. Om de bruikbaarheid te testen van de chlorofiel-
fluorescentie techniek voor de bepaling van de C02-assimilatie snelheid in natuurlijke 
omstandigheden (in het bijzonder fotorespiratorische omstandigheden), alsook voor de 
verdere bepaling van de groeisnelheid, werd een serre-experiment uitgevoerd. Het 
betreffende experiment bestond uit twee koostof dioxide behandelingen. Ficus 
benjamina werd gebruikt als testplant Tijdens het experin1ent werden op regelmatige 
tijdstippen chlorofiel-fluorescentie opmetingen uitgevoerd. In dit verband werden telkens 
bladeren bemonsterd uit verschillende lagen van het gewas. De chlorofiel-fluorescentie 
opmetingen werden vervolgens vertaald naar C02-assimilatie snelheden. De kennis met 
betrekking tot de C02-assirnilatie snelheden liet vervolgens toe om de parameters te 
identificeren van fotosynthetische licht-responsiekrommen. De licht-responsiekrommen 
werden geïntegreerd in een groeimodel. Het betreffende model werd dan aangewend om 
het verloop van de groei te voorspellen. De berekende groeiwaarden werden vergeleken 
met meetwaarden. 
In de betreffende studie werd [(F'm-Fs)/F'ml gebruikt als een maat voor <PPsn (Genty et 
al., 1989), met F'm de maximum chlorofiel-fluorescentie intensiteit die waargenomen 
wordt bij het toedienen van een verzadigde lichtpuls en F., de steady-state chlorofiel-
fluorescentie intensiteit. In eerste instantie en vermits de opmetingen werden uitgevoerd 
onder fotorespiratorische omstandigheden en gezien fotorespiratie de relatie tussen 
fluorescentie en C02-assimilatie in belangrijke mate compliceert, werd gevruik gemaakt 
van regressievergelijkingen voor de vertaling van <PPsu (afgeleid als [(F'm-Fs)/F'm]) naar 
de quanturn opbrengst van C02 assimilatie ( <Pc02). De simultane chlorofiel-fluorescentie 
bepalingen en gasuitwisselingsopmetigen van een laboratorium experiment, brachten aan 
het licht dat de verhouding van <Pc02 tot <PPsu kan beschreven worden aan de hand van 
een lineair afnemende functie van de fotosynthetische foton-flux invallend op het blad. 
Het intercept en de helling van de betreffende rechte werden beschreven aan de hand 
van een lineair toenemende, respectievelijk afnemende, functie van de omgevings-
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concentratie van koolstof dioxide. 
De regressie vergelijkingen werden vervolgens gebruikt om de waarnemingen van 
[(F'm-F,)/F'mJ, die werden bekomen tijdens het verloop van het serre-experiment, te 
vertalen naar <Pc02 . De afwijking tussen de dagelijkese opmetingen van de 
bladoppervlakte en de voorspellingen, bekomen op basis van een groeimodel waarin de 
parameters van de licht-responsiekrommen werden afgeleid van de <Pc02 bepalingen, 
bleef steeds kleiner dan 5% (dit voor beide C02-behandelingen). De goede 
overeenkomst tussen de waargenomen groei en de voorspellingen illustreerde de 
bruikbaarheid van de chlorofiel-fluorescentie techniek voor snelle bepalingen van C02-
assimilatieheden. De betreffende bepalingen kunnen bovendien gebruikt worden bij 
groeivoorpsellingen. In dit verband kan gesteld worden dat de chlorofiel-fluorescentie 
techniek relevante plantinformatie oplevert ter ondersteuning van de beslissingen die 
dagdagelijks moeten genomen worden door de tuinder-manager. 
Anderzijds dient wel opgemerkt te worden dat de conversiefactor die gebruikt wordt bij 
de vertaling van [(F'm-F,)/F'm] naar <Pco2 niet louter afhankelijk is van de 
fotosynthetische foton-flux en de omgevingsconcentratie van koolstof dioxide. In dit 
verband kan gesteld worden dat de betreffende ijkvergelijkingen telkernale opnieuw 
moet gecalibreerd worden, wat dan ook een belangrijk nadeel is van de chlorofiel-
fluorescentie techniek. Nietemin stimuleerden de veelbelovende resultaten van het 
preliminair onderzoek mij om teneerste, de relatie tussen chlorofiel fluorescentie en 
C02-assimilatie verder te onderzoeken en dit voor een brede range van omstandigheden 
met betrekking tot de metabolische toestand van het blad, en tentweede, om een meer 
mechanistische methode te ontwikkelen voor de vertaling van chlorofiel-fluorescentie 
opmetingen naar C02- assimilatiesnelheden. De bedoeling bestond erin om een methode 
op punt te stellen die meer algemeen toepasbaar zou zijn en die bovendien toepasbaar 
zou zijn zonder gebruik te moeten maken van gasuitwisselingsopmetingen. In dit 
verband werd de hypothese geformuleerd dat [(F'm-F,)/F'mJ een unbiased schatter zou 
zijn van <PPsn en dat [(F'm-F,)/F'm], na vermenigvuldiging met de geabsorbeerde 
fotosynthetische foton-flux en een constante die de verdeling van de geabsorbeerde 
lichtenergie tussen PSI en PSU beschrijft, de lineaire elektronen transport snelheid 
oplevert. Daarnaast werd de hypothese geformuleerd dat de fotosynthetische donker 
reacties , met name de reacties van de fotosynthetische koolstof reduktie..ÇPCR) cyclus 
en de reacties van de fotosynthetische koolstof oxydatie (PCO) cyclus, de belangrijkste 
sinks vormen voor de produkten van lineair elektronen transport (met name A TP and 
NADPH) of met andere woorden, dat dissipatie van ATP en NADPH in alternatieve 
pathways slechts van ondergeschikt belang is . In het kader van deze hypothesen en 
wetende dat de kennis van het werkelijk C02-fotocompensatie punt en van de 
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concentratie van koolstofdioxide in de chloroplasten, toelaat om de verdeling van ATP 
en NADPH tussen de reacties van de PCR and PCO cycli te beschrijven, kan gesteld 
worden dat het desgevallend mogelijk is om de bruto C02-assimilatie snelheid af te 
leiden van <I>Psn· 
Aan de hand van simultane gasuitwisselingsopmetingen en chlorofiel-fluorescentie 
bepalingen werd aangetoond dat in niet gestresseerde F. benjamina en S. arboricola 
bladeren, de voorspellingen van lineair elektronentransport overeenkwamen met de 
elektronen behoefte van de PCR en PCO cycli wanneer C02-assimilatie licht-gelimiteerd 
was. Wanneer daarentegen de beschikbaarheid van koolstof dioxide ofwel van 
orthofosfaat limiterend waren in het proces van C02-assimilatie, werd de 
elektronenbehoefte van de PCR and PCO cycli in belangrijke mate overschat. De 
afwijking tussen opmetingen en voorspellingen was nog meer uitgesproken en in het 
algemeen waarneembaar na inductie van droogtestress. Deze afwijkingen brachten aan 
het licht dat ofwel de hypothese dat [(F'm-F,)/F'm] een unbiased schatter is voor <j>p511 , 
niet opgaat, ofwel dat de hypothese dat de verdeling van lichtenergie tussen PSI and 
PSII constant zou zijn, niet opgaat, ofwel dat de hypothese dat de consumptie van A TP 
en NADPH in alternative processen kan verwaarloosd worden, niet opgaat. Bovendien 
kunnen de afwijking wijzen op het feit dat twee van de voorgaande veronderstellingen, 
. of eventueel de drie hypothesen, kunnen verworpen worden. Daarnaast werd ook 
aangetoond dat het C02- fotocompensatie punt - dit punt werd afgeleid van 
gasuitwisselingsopmetingen - in belangrijke mate variabel was. Een praktisch gevolg 
van deze verschillende bevindingen is dat chlorofiel-fluorescentie bepalingen niet zonder 
meer kunnen vertaald worden naar C02-assimilatie snelheden. Indien men derhalve 
chlorofiel-fluorescentie bepalingen wil omzetten naar C02-assimilatie snelheden, moet 
men terugvallen op ijkvergelijkingen. Deze vergelijkingen moeten opgesteld worden 
voor de specifieke omstandigheden waarmee men te maken heeft, met name voor de 
betreffende plantensoort en voor de fysiologische toestand van het gewas. 
De micromorfometrische methode, die bestaat in een permanente opmeting van de 
stengeldiameter, werd geïntroduceerd in voorliggende studie als een methode die heel 
wat toepassingsmogelijkheden biedt met betrekking tot klimaatscontrole en 
irrigatiecontrole. Om te kunnen komen tot een correcte introduktie van het 
rnicromorfometrische signaal in schemata voor hetzij klimaatscontrole, hetzij 
irrigatiecontrole, bleek het in eerste instantie aangewezen om een studie uit te voeren 
met betrekking tot de ecofysiologische interpretatie van de waargenomen verschijnselen. 
In de betreffende ecofysiologische studie, die werd uitgevoerd met F. benjamina en S. 
arboricola, werd de relatie tussen de stengeldiameter, enerzijds, en de balans tussen 
wateropname en waterverliezen, anderzijds, bestudeerd. Daarnaast werd ook gekeken 
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naar de relatie met de dagelijkse co2 opname en met het nachtelijk transport van 
assimilaten. Deze studie leerde teneerste dat de cyclische veranderingen van de 
stengeldiameter de discrepantie tussen de wateropname en de waterverliezen reflecteren. 
Bijgevolg kan de dagelijkse krimp van Je stengeldiameter gebruikt worden als maat 
voor de tijdelijke negatieve plant-water status. Tentweede werd vastgesteld dat wanneer 
planten niet onderworpen worden aan een fysische stress, zoals droogte stress of koude 
stress, de dagelijkse evolutie van de stengeldiameter (DE) direct evenredig met de 
dagelijkse C02-opname van de bladeren verandert. Bijgevolg geeft de DE-parameter een 
indikatie omtrent de dagelijkse C02-opname. Tenslotte werd aangetoond dat voor 
planten die onderworpen werden aan droogte stress, de afname in de DE-parameter 
opgevat kon worden als zijnde te wijten aan zowel een onderdrukking van de 
fotosynthetische aktiviteit als aan een onderdrukking van het nachtelijk transport van 
assimilaten alsook aan een onvoldoende nachtelijke recuperatie van de plant-water 
balans ; bij planten die onderworpen worden aan een lage nachtelijke temperatuur, 
reflecteert de afname in de DE-parameter de onderdrukking van het nachtelijk transport 
van assimilaten. In deze specifieke stress situaties kan de DE-parameter derhalve niet 
gebruikt worden als maat voor de fotosynthetische aktiviteit. 
De bevindingen van de verschillende case-studies bevestigden dat on-line monitoring 
van de stengeldiameter inderdaad relevante informatie oplevert met betrekking tot het 
plant gebeuren. Bovendien toonden de betreffende bevindingen aan dat het signaal van 
de stengeldiameter fluctuaties slechts bruikbaar wordt na verdere verwerking en na 
verdere interpretatie van de afgeleide grootheden en dit in relatie tot de waarnemeningen 
van de plant omgeving. Tenslotte werd gesteld dat een geschikte verwerking en 
interpretatie van het signaal van de stengeldiameter fluctuaties uiteindelijk kan resulteren 
in een meer gerichte sturing van de plantomgeving, die beter afgestemd is op de 
werkelijke behoeften van de planten. 
Tenslotte werd de toepassing van de micromorfometrische methode, voor de controle 
van de watergift, geëvalueerd. In dit verband werd nagegaan of het signaal van de 
stengeldiameter fluctuaties toelaat een antwoord te verschaffen op de vragen wanneer 
en hoeveel water moet toegediend worden aan de .Planten. Vermits de krimp van de 
stengeldiameter een geschikte indicator bleek te zijn voor de negatieve plant-water 
status, kan vooropgesteld worden dat een toename van de krimp desgevallend een 
signaal kan zijn voor de start van de watergift Hierbij dient echter opgemerkt te worden 
dat de plant zich bevindt in de pathway van de waterstromingen tussen het substraat en 
de atmosfeer. Derhalve moet bij de interpretatie van de stengeldiameter krimp niet enkel 
de beschikbaarheid van water in het substraat in rekening worden gebracht. Men moet 
inderdaad ook rekening houden met het effect van de vraag naar water vanuit de 
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atmosfeer. In dit verband kunnen de waarnemingen van de instraling gebruikt worden 
om de klimatologische vraag naar water vanuit de atmosfeer in rekening te brengen. In 
dit verband werd dan ook aangetoond dat wanneer tevens rekening wordt gehouden bij 
de interpretatie van het micromorfometrische signaal met de waarnemingen van de 
instraling (of de fotosynthetische foton-flux), het mogelijk is om de oorzaak van een 
toename in de diameterkrimp toe te wijzen aan ofwel te sterk uitgesproken 
waterverliezen of anderzijds aan een onvoldoende beschikbaarheid van water in het 
substraat. Derhalve kan afgeleid worden in welke mate een toename in de krimp moet 
resulteren in controle akties die de waterverliezen beperken (schermen, verhogen van 
de lucht vochtigheid) of anderzijds moeten resulteren in akties die de beschikbaarheid 
van water verbeteren (watergift). Verder werd aangetoond dat wanneer de 
beschikbaarheid van water optimaal is (dit is het geval zolang het gemakkelijk 
opneembaar water niet is uitgeput), het signaal van de stengeldiameter fluctuaties kan 
vertaald worden naar transpiratiesnelheden. Dit impliceert tevens dat uit het betreffende 
signaal kan afgeleid worden hoeveel water beschikbaar is in het substraat of hoeveel 
water moet toegediend worden om het vastgestelde water deficit weg te werken. Wel 
moet gesteld worden dat de vertaling van het signaal van diameter fluctuaties naar 
transpiratieverliezen gebeurt op basis van een ijkvergelijking. Om de methode derhalve 
operationeel te maken moet men de ijkvergelijking eerst "voeden" met beschikbare data, 
met name met simultane waarnemingen van de transpiratiesnelheid en de 
stengeldiameter krimp. 
Tenslotte werd nader bekeken hoe de verschillende technieken die het onderwerp waren 
van deze studie, kunnen geïntegreerd worden in een teelt ondersteuningssysteem. 
Daarnaast werden een aantal ideeën voor verder onderzoek gelanceerd. 
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SCOPE OF THE RESEARCH PROJECT 
Topical outline : a quest for maximizing the potential use of modern greenhouse 
technology 
Omamental plants in genera!, and foliage pot plants in particular, are a major 
horticultural erop around the world. In the European Union, the annual sales figure 
reaches 11 hiliion ECU (AIPH statistics, cited by Dieleman, 1996). Within the European 
Union, The Netherlands are the major producer of omamentals. With an annual sales 
figure of 2.53 hiliion ECU, they rank third in the world, after the US and Japan, both 
with an annual sales figure of about 3.08 billion ECU (cited in Verbondsnieuws, p. 17, 
1 June 1996). In 1994, the Belgian annual sales figure reached 0.43 hiliion ECU, being 
26.1% of the overall horticultural sales figure or 6.3 % of the overall agricultural sales 
figure (Dieleman, 1996). This sales figure has been realized by 3260 nurseries, which 
are located especially in the Flanders' region of Belgium. Of the 3260 nurseries, 58% 
are greenhouse nurseries (Gomov/ Lei/ Erov statistics ; cited in Verbondsnie uws, p.l3, 
1 December 1994 ). The foliage pot plant sector is of major irnportance within the 
Belgian horticulture. 
In the seventies and to a lesser extent in the eighties, production of omamental plants 
in general and of foliage pot plants in particular could not cope with rapidly increasing 
demand. New norseries were established. They were equipped with high tech, such as 
elimate computers, equipment for irrigation, fertigation, shading, lighting, heating, 
ventilation, supply of C02 etc ... The introduetion of new equipment affered many 
possibilities with respect to elimate control and it was especially aimed at eliminating 
constraints to erop production, whereas a better control of production casts and 
impravement of quality were not of irnmediate priority. Luxurious use of fertilizers, 
water, energy, co2 and pesticides dominated productions practices. 
In the nineties, a new situation was emerging. In particular, owing to the increase in the 
number of omamental plant nurseries, in particular in the seventies and eighties, as well 
as the expansion of existing ones, the progress in technology, notably the introduetion 
of greenhouse elimate control equipment, and in biotechnology as well, notably the 
introduetion of new methods of propagation, the introduetion of new erop management 
techniques and the increased supply from other EU member states (i.e. the development 
of the sector in Spain and Spain's full entry in the EU) and from third countries 
(Mediterannean countries, such as Israel, Jordan, Cyprus as wellas ACP countries, such 
as Kenya and Zimbabwe), supply outstripped demand. Important catalysts for the 
intensification of the competition have been 1) the developments in transport techniques 
; 2) EC's CAP, with a reduction of intervention prices, tariffication, and subsidised 
export, led to a shift from agriculture to hortkulture ; 3) the liberalisation of the world 
trade, as resulting from the GA TT accords, the introduetion of the General System of 
Preferences, which promotes import from the developing world and the Treaty of Lomé 
which stimulates import from ACP countries (Dieleman, 1996 ; Sweep, 1996). 
With the transition from a "demand market" to a "supply mar ket" , it became of high 
priority to meet the market demands and to produce better quality, at low price as to 
maintain once competitive edge in a highly competitive market For ornamentals, high 
quality relates with appearance as well as with the way of production (i.e. 
environmental friendly) . In addition, the horticultural industry has to cope with more 
stringent environmental regulations : plant proteetion chemieals pollute the environment, 
energy consumption contribute to the atmospheric greenhouse effect, excessive use of 
nutrients and water causes pollution of surface water and soil, whereas governments 
dictated sharp reductions of chemica is' emission to atrnosphere, soil and water. 
That the new situation had a dramatic effect on the economie viability of Belgian 
omamental uurseries in genera!, and of pot plant uurseries in particular, derives from 
the economical yield figures publisbed by Saverwyns (1996) : as regarding pot plant 
nurseries, the economical output for an investrnent of 1000 ECU decreased on an 
average from 961 ECU in 1988 to 919 ECU in 1994. This evolution dictates a shift 
away from a luxurious to a more optima! use of production inputs, that minimizes 
likewise environmental pollution. Accordingly, it faces the greenhouse manager with the 
issue of how to maximize the potential use of modern greenhouse technology. 
The nurseries' economical results depend essentially upon the quality of strategie and 
tactical decisions (Benninga and Uitermark, 1991). Strategie decisions focus on 
establishing a new design or changing the structure of the existing one ; tactical 
decisions relate with decisions that must be frequently made under a given structural 
design, in particular with the setting of controllable inputs , such as temperature, light, 
C02 , humidity, with irrigation control, fertilizer and pest management as wellas with 
marketing of the plants (Berg and Lentz, 1988). Decision making still relies to an 
important extent upon intuition. Anyway, consiclering the almost unlimited possibilities 
offered by modern greenhouse technology, the decisions being made on an intuitive 
basis are unlikely to be optima! with respect to an economical performance measure. 
Optima! solutions to sophisticated design and process control problems can be provided, 
in principle at least, by bio-economic models. Nevertheless, biologica! and economie 
processes, for which general theory is not so well developed as it is for physical 
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processes and which are because of their intricate nature in general "ill-defined", have 
to be described at the behaviour level rather than at the state structure level. Therefore, 
bio-economic models are in general of poorer contentand not always successful. Now 
as far as foliage pot plants are concemed, it has to be recognized that the sector offers 
a wide assortment that changes continuously. Consequently, the quantitative information 
being required to identify the species' specific parameter values, is in general lacking, 
which makes a rnadelling approach cumhersome and difficult to carry out in a rigorons 
way. 
Fortuitously, with the development of new and the miniaturization and impravement of 
existing instrurnentation, the possibility might become at hand to measure in real-time 
relevant plant processes, such as electron flow in thylakoid membranes (pulse amplitude 
modulated (PAM) chlorophyll fluorescence technique), C02 uptake by and water losses 
from leaves (gas exchange technique), sapflow (sap flow gauge, nuclear magnetic 
resonance technique), redistribution of water within the plant and tissue expansion 
(micromorphometric measurement techniques, such as linear variabie displacement 
transducer, computer vision system, laser system) as wellas for monitoring various state 
varia bles, such as leaf water poten ti al (in-situ thermocouple psychrometer technique ), 
stomatal conductance (gas exchange technique), surface temperature (infra-red 
radiometer) , leaf wetness (opticalleaf wetness sensor) , leaf area (canopy analyzer), etc .. . 
Moreover, via further processing and rnadelling of the sensors' signal, an appraisal can 
be made of relevant processes and state variables for which direct measuring equipment 
will not become readily available on a commercial basis. This is the case for instanee 
for assimilate transport. It is known that blockage of assimilate transport leads to leaf 
assimilate accurnulation, which in turn inhibits leaf C02 assimilation. Hence, a proper 
interpretation of leaf C02 uptake measurement may afford to diagnose assimilate 
transport blockage. Unquestionably, a good understanding of the nature of the 
interactions between constituent processes may rednee the nurnber of measurement that 
would otherwise be required for evaluating plant needs adequately. 
Real-time data provided by biosensors , when properly processed into relevant 
information, can be used twofold to support decision making. First of all, the sensors' 
data can be translated into process rates, for instanee co2 uptake, water losses, or into 
state variables , such as stomatal conductance, leaf water potential. The information on 
process rates and state variables can be integrated directly in feedback control schemes 
: basically , plant environment, for instanee irradiance, air temperature, ambient C02 , is 
altered until desired process rates or state variables are achieved or if such appears to 
be effective in terrus of plant function. Accordingly, by doing so, constraints to plant 
function can be released without using inputs in excess. For instance, if reai-time gas 
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exchange measurement learned that co2 uptake saturated when ambient co2 reached 
600 j.lmol.moi-1, it would he advisable to enrich C02 up to 600 j.lmol.mol-1• If a decline 
in the co2 uptake was observed upon a further rise in the ambient co2 beyond 900 
j.lmol.moi-1, it would be highly recommendable not to enrich C02 beyond 900 
j.lmol.mol-1• 
Secondly, the data obtained from the sensors can be further processed to provide the 
parameter values of response functions. Responses of which the parameters have been 
properly identified, this is for the prevailing species, for the crop's physiological state 
and its growth or developmental stage, can be integrated in a erop growth model, which 
in turn can be "encapsulated" in a bio-economic model. An operational growth model 
can be used for monitoring plant growth, whereas an operational bio-economic model 
affords to simulate the economie outcome of distinct control sequences and 
consequently, toselect the optima! control sequence. The bio-economic model can be 
applied to solve design problems as well. 
Nevertheless, with respect to the first possibility, namely the direct use of sensor data 
in feedback control schemes, it has to be recognized that, although the information on 
a multitude of processes and parameters af fords to fit inputs with plant requirements and 
to constrain environrnental pollution, it can not always adequately solve conflicting 
interests. Likewise, it is not straightforward how the information on a multitude of 
processes and parameters can be translated into plant growth, whereas optirnisation of 
an economie performance measure is based on the very knowledge of plant growth. Of 
course, much of the ambiguity could he resolved by integrating the available 
information into a plant growth model . Furthermore, the sensor signals reflect short term 
responses. Accordingly, the decisions directly derived from them dictate solutions that 
would he optima! for the time being, but because they do not adequately balance the 
current efforts and the investrnent in the future, they may appear to be inappropriate 
when considered over the overall growth period. For instance, if chlorophyll 
fluorescence measurement revealed that light energy was in excess of the leaves' 
capacity for light energy dissipation, shade curtains would have to be drawn to 
anticipate photoinhibition. However, if high irradiance was the rule rather than the 
exception, it would be advantageous, in the long term at least, to maintain a higher 
photosynthetic photon flux in order to stimulate development of sun leaves which are 
capable to process a higher amount of light particles and which are less sensitive to 
photoinhibition than shade leaves are. 
Unquestionably, the integration of biosensors in feedback control schemes should go 
along with a continuous evaluation of control actions in terms of plant growth, a 
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functionality much asked for also by growers. Such an evaluation could consist in 
· camparing actual plant growth against a baseline of reference values. The baseline could 
be generated by a growth function, derived from previous growth experiments. 
Whenever a forward shift would be observed from the baseline, a new baseline could 
be introduced. Moreover, the baseline of plant growth could be translated into a baseline 
of economie output. Note in this regards that rather than the difference in actual and 
reference plant growth, the difference in economie output would serve as a basis for 
erop management decisions. 
With respect to the second possibility, notably the application of sensor measurement 
for tuning responses to real world conditions and the subsequent integration of these 
responses in a bio-economic model for simulation of economie output as affected by 
control or design actions, it has to be recognized that because of the complexity of the 
bio-economic system, one can not achleve complete mathematica! description of it. 
Consequently, the salution that is optima! according to the model may depart from the 
one that is optima! to the real world system. Accordingly, and because inappropriate 
control actions can not be tolerated in practice, also the use of bio-economic roodels in 
greenhouse elimate control should go along with a continuous comparison of resulting 
plant growth against a baseline. 
From the above points, it might be clear that the potential use of modern greenhouse 
technology has to be maximized to guarantee the economie viability of the foliage pot 
plant nursery and to meet the demands of the market for environmental friendly grown 
plantsas welt as those of governments to minimize environmental pollution. To this end, 
biosensors have to be introducedas to identify plant requirements. The sensors' signal 
can be used either directly, or indirectly via further processing and modelling. With 
respect to the latter possibility, the sensors' signa[ could be relied upon to parametrize 
in situ and in reai-time growth models. Properly parametrized models may provide then 
optima[ solutions to design and control probie ms. Secondly, control actions should 
continuously be evaluated by camparing actual economie output against a baseline of 
previously obtained output. Growth Junelions may appear in this regards as a suitable 
toot to generate the baseline of plant growth, notably depicting how plant growth would 
have evolved if controllable inputs were selectedas had previously been done. 
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Objectives 
The objective of this workis to contribute toward improving the efficient use of modern 
greenhouse technology and to do so in such manner that an enhancement in production 
efficiencies would align with a more environmental friendly operatien of intensive plant 
culture. 
To meet this objective, I introduced : 
- a concept for bio-analysis : this concept is based on the comparison of actual plant 
growth against a baseline, a functionality much asked for by growers. Eventually, 
it would afford to state whether or not actual design and or control actions lead to 
a forward movement from the baseline of production efficiency and to take 
consequently the appropriate erop management decisions ; 
- biosensors for monitoring in reai-time relevant plant processes and or state variables; 
real-time measurements afford to produce, directly or indirectly via integrated 
analysis with processing and modelling , appropriate control rules. 
To cope with the issues addressed in this study, knowledge has been drawn from the 
following disciplines : physiology, biochemistry, biophysics, mathematics, horticulture 
and agrotechnics and -physics. Foliage pot plants have been selected as test species 
because of the economie iinportance of the foliage pot plant sector in the Flanders' 
region of Belgium. 
Bio-analysis toot 
The first line of research concentrated on the suitability of growth functions for 
evaluation of decision making in terms of plant growth and in terms of economie 
results. To this end, I proposed in chapter I to use a "shortwave irradiance based" 
growth function as to provide a baseline of previously reached growth. Note that the 
baseline of growth can be readily translated into a baseline of production efficiency. The 
"shortwave irradiance based" growth function relates plant growth, notably leaf area 
expansion, to shortwave irradiance integral. Hence, the hypothesis was formulated 
whether leaf area expansion of plants of a specific type and grown under environmental 
conditions alike expect for light (for instanee in greenhouses with different light 
transmission characteristics), could be predicted by a unique "shortwave irradiance 
based" growth function. Clearly, the term "unique" implies here that fora specific plant 
type and growth conditions, growth or leaf area expansion would merely be affected by 
the irradiance integral, regardless of how the integral were achieved in time, for instanee 
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over a short period with plants exposed toa high irradiance and extended daily lighting 
periods, as in summer, or conversely, over a long period with low irradiances and short 
daily lighting durations, as in winter. If the relationship between leaf area expansion and 
irradiance integral were unique, once parametrized, it could be retained to provide the 
baseline of leaf area expansion, against which actual leaf area expansion could be 
compared throughout the growth period, irrespective of the season, the greenheuse's 
location and its light transmission characteristics. 
To test the concerning hypothesis, a series of greenhouse growth experiments, riotably 
for which the controllable inputs were alike and presupposed to be favourable, has been 
conducted during summer and winter. Predietiens according to "shortwave irradiance 
based" growth functions derived from a surnmer experiment were compared against 
measurements obtained during winter or vice versa. Furthermore, the utility of the 
baselines derived from the concerning experiments has been scrutinized in a series of 
growth experiments. The baselines were used to assess the appropriateness of some 
commonly used setpoints or control rules. 
Biosensors for on-line monitoring relevant plant processes and state variables 
Arguably, plant processes to be mollitored preferentially are C02 uptake, assimilate 
transport and partitioning, water uptake and water losses. An important state variabie 
to be measured is plant water status. In chapters II , III and IV , the photosystem II 
(PSII) pulse amplitude modulated (PAM) chlorophyll fluorescence technique bas been 
introduced for monitoring leaf C02 assimilation rate (A). Basically, the concerning 
technique allows for rapid determinations of the quanturn yield of PSII photochemistry 
(<j>p511). In chapters V and VI, the micromorphometric method, consisting of a continuous 
monitoring of the stem diameter, h.a.s been introduced as a means to evaluate the 
provisory negative plant water status and to predict rate of transpiration, daily leaf (or 
plant) co2 uptake and nocturnal assimilate transport. 
First of all in chapter II, I addressed the possibility of using the PAM chlorophyll 
fluorescence technique as to provide in a short time span a detailed image of leaf 
photosynthetic activity, notably from in situ measurements on leaves from various layers 
of the canopy. In this respect, chlorophyll fluorescence was measured on a regular time 
basisduringa greenhouse growth experiment that consistedof two C02 treatments . The 
in situ measurements were relied upon to· identify the parameters of the photosynthetic 
light response curve. The parametrized light response was integrated then in a plant 
growth model. Finally, the properly parametrized model was applied to predict leaf area 
expansion throughout the greenhouse experiment, namely for both C02 treatments. The 
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valielity of this approach was assessed then by camparing daily leaf area preelietion 
against measurement. 
Clearly, an important step in t1us approach was the translation of chlorophyll 
fluorescence based ~PSII assessment into quanturn yield of co2 assimilation (~c02). For 
doing so, I used in an initia! attempt, empirica! equations which described the 
[ ~co:J~PSul ratio as a function of environmental varia bles, notably the photosynthetic 
photon flux incident on the leaf and the ambient co2 mole fraction. 
Reai-time observations of ~co2 can be integrated directly into closed loop control 
schemes. The introduetion of C02 assimilation in control schemes as being a key 
process in dry matter production is obvious , though because co2 assimilation interacts 
with many other plant physiol ogical processes, its measurement can be applied to some 
extent in control of these processes as wel!. w ell known in this respect is that leaf co2 
assimilation is affected by sink acti vity through re generation of orthophospha te 
(Sharkey, 1985). On the other hand, the rationale of applying ~co2 to quantitate 
responses of leaf or canopy C02 assirniiation to environmental factors, and of the 
subsequent integration of these responses in a plant growth model , notably the scenario 
that was foliowed in chapter II , is twofold. First of all. a properly parametrized model 
affords to simulate plant beha viour in untried combinations of coneli ti ons and hence, it 
allows to optimize decision making. Secondly, the bio-anai ysis concept proposed in this 
study is based upon the information of actual plant growth as well as of the plant 
growth's baseline : whereas the latter can be generated by a growth function, a properly 
parametrized growth model can be applied for monitoring plant growth. Unquestionably, 
the "encapsulation" of the chlorophy 11 fluorescence observations in a usabie model 
increases the potential for finding optima! solutions to control and design probieros and 
it gives a greater scope of application. 
Nevertheless, the "weak point" of the approach introduced in chapter II resided at the 
translation of ~rsu into ~c02 . The use of regression curves to this end implies that one 
would still have to resort to gas exchange measurement in further applications as to 
verify the regression curves' appropriateness. Hence, the next step was to introduce for 
the conversion of ~Psn into ~co2 a more mechanistic approach that would apply to a 
range of conelitions as wide as possible and this without resource to gas exchange 
measurement. This has been the topic of chapters III and IV. I proposed in particular 
to translate first of all ~Psn into rate of linear electron flow (J,) and next to derive A 
from 1) rate of linear electron flow, 2) knowledge of the elistribution of products 
emanating from linear electron flow (ATP and NADPH) between the reactions of the 
photosynthetic carbon reduction (PCR) and photosynthetic carbon oxidation (PCO) 
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cycles, and 3) knowledge of the rate of co2 release in the light from processes other 
than photorespiration (RJ . In an initia! attempt, I derived J, as the product of 
chlorophyll fluorescence based assessment of <f>p511 , the light energy absorbed by the leaf 
and a constant. Hence, it was hypothesized that chlorophyll fluorescence provided 
unbiased estimates of <f>psn and that the light energy distribution between photosystem 
I and II was constant. With respect to the second step, notably the conversion of J, to 
A, it was hypothesized that the PCR and PCO cycles could be considered as the only 
sinks for ATP and NADPH generated by linear electron flow. The partitioning of ATP 
and NADPH between the PCR and PCO cycles was derived from the knowledge of the 
C02 photocompensation point er.) and the chloroplast C02 partial pressure CPc). 
In chapter III , beha viour of A and J, was interpreted in qualitatîve terms : the analysis 
of A and J, observations, obtained under a wide range of leaf metabolic states, in which 
control over C02 assimilation was transferred between its major limiting components 
and with modulations in each of the limiting components, afforded to state firstly 
whether changes in chlorophyll fluorescence based J, assessments were consistent with 
those observed in A and secondly, whether J, assessment could be used to predict A. 
In chapter IV, a quantitative approach has been used to test the hypotheses underlying 
the translation of chlorophyll fluorescence measurement into rate of co2 assimilation. 
To this end, assessment of J, was compared against measurement of photosynthetic 
electron requirement (notably the electron requirement of the PCR and PCO cycles). 
The latter was derived from the observations of A, Rct, r. and Pc· A close agreement 
between J, and the photosynthetic electron requirement would indicate that measurement 
of chlorophyll fluorescence , when used in conjunction with knowledge of Rd, r. and Pc, 
afforded to predict rate of co2 assimilation. 
In chapter V, the micromorphometric metbod has been introduced as a promrsmg 
techniq ue for monitoring various plant processes and hence with a wide scope for 
applications in greenhouse elimate control and irrigation scheduling. To achleve a sound 
introduetion of the signa! in control schemes, a comprehensive study has been carried 
out, devoted to understanding the underlying processes determining stem diameter 
fluctuations. I investigated in particular the relationship between 1) the disparity in 
water absorption by the roots and water losses from the leaves on the one hand and 
stem diameter fluctuations on the other hand ; 2) daily co2 uptake by the leaves and 
daily evolution of the stem diameter and 3) nocturnal evolution of the stem diameter 
and nocturnal assimilate transport . 
Finally, the activities reported on in chapter VI focused on a research and feasibility 
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study on the analysis of micromorphometric data for irrigation scheduling, notably for 
determining timing and amount of water supply. 
A possible implementation and integration of the various concepts presented in this 
work, has been outlined in Fig. 1. The integration of the concepts in a cultivation 
support system is the topic of chapter VII. 
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CHAPTER I 
THE USE OF "SHORTWA VE IRRADIANCE" BASED GROWTH 
FUNCTIONS FOR PROVIDING REFERENCE GROWTH DATA 
: THE UNIFORMITY OF THE RELA TI ONSHIP BETWEEN 
LEAF AREA EXPANSION AND IRRADIANCE INTEGRAL 
F. Fredrick and R .. Lemeur 
Labaratory of Plant Ecology 
Department of Applied Ecology and Envimnrnental Biol'ogy 
Faculty of Agricultural and Applied Biologica! Sciences 
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Abstract 
Winter and summer greenhouse growth experiments were carried out with three 
foliage pot plant species: Ficus benjamina, Dieffenbachin bowmannii and Schefflera 
arboricola. It bas been evidenced that, when greenhouse environmental control 
polides were alike during winter and summer, growth curves relating plant Ieaf 
area (L.) to shortwave irradiance integral (Ç) and derived during summcr wcre 
similar to those dcrived during winter in that the respective predictions were oot 
significantly different. Hence, within tbc range of variation in natural day length 
as well as in shortwave irradiance (St) being observcd in shaded greenhouses, lcaf 
area expansion would mcrely rely upon 1;, or in other words, it would be relatively 
unaffected by the way in which Ç is achieved in time (over a short or long period). 
The implication of these findings is that for, specific control polides with respect 
to the controllable variables, a specific plant spacing density, and a specific plant 
size, tbc ratio between tbc plant's leaf area formation during a specific period and 
the radiation supplied to it during the concerning period (ELa) would be unique. 
Tbc contention that there would exist a unique EL• for every plant size was 
interpreted by considering that leaf area formation depends upon net dry mass 
gain and that net dry mass gain in turn is composed of two processes : firstly, 
conversion of light energy to plant dry mass, notably C02 assimilation · by the 
leaves and conversion of assimilate to structural and long term storage compounds, 
tbc efficiency of which deercases with increasing St, and secondly, the loss of dry 
mass through maintenance respiration, tbc relevanee ofwhich in net dry mass gain 
increases with increasing time span or with decreasing st 
Because of tbc uniformity of tbc L. vs. Ç relationship, growth curves relating L. 
to Ç affords to provide at any moment throughout the growth period reference 
values of L., regardless of, tbc growth season's starting date, tbc greenhouse's 
Iocation, and tbc greenhouse's light transmission characteristics. Reference values 
of L. can be used as a basis against which actual observations of L. can be 
compared. Polides for greenhouse environmental control can be evaluated then on 
tbc basis of such a comparison. Tbc use of "irradiance based" reference growth 
functions for diagnosis of greenhouse environmental control polides bas been 
scrutinized in a series of growth experiments, notably with F. benjamina as test 
species. 
Abbreviations C - calibration experiment ; c. - ambient C02 mole fraction ; d - plant 
spacing density ; h. - ambient relative humidity ; L. - plant leaf area ; L0 - parameter 
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of the Gompertz growth curve ; MRPE - mean relative preilietion error ; m, -
rnainterrance respiration coefficient ; n - number (in general further specified by 
subscript) ; SEE - sample stand error of estimation ; SL - supplementary lighting ; S, -
shortwave irradiance ; s~ - varianee (in general further specified by subscript) ; T. -
ambient temperature ; V - validation experiment ; W, - plant dry mass ; a - parameter 
which describes the "gross" dry matter: radiation quotient's decrease with;increasiilg 
shortwave irradiance ; !::. X - small change in a variabie X ; ELa - leaf• ar.ea : r:adiarion 
quotient, i. e. here defined as [d t::.L. I !::. Ç] ; Ew1 -dry matter : radiation qpotient;,. i. e. 
here defined as [d !::. W, 1 !::. Ç] ; E'w, - "gross" dry matter : radiation quotient, i.e. the 
ratio of the plant "gross" dry matter gain (actual plant dry matter gain to which dry 
matter lost by maintenance respiration is added) to shortwave radiation supplied to it 
; E'w,,m - maximum "gross" dry matter ; radlation quotient ; 11 - parameter of the 
Gompertz growth curve ; ~- shortwave irradiance integral ; çday - da.il).l SOOijtrw.a·"e w-
radiance integral ; J..L o - parameter of the Gompertz growth; a- ~erentii;al1 0perator. 
1.1. Introduetion 
Environmental (irrigation, nutrition and climate) control in foliage pot plant nurseries 
still relies upon traditional setpoint rules, which are based on experiments and 
experience, or expert rules, i.e. if-then type rules which are extracted from 
communication with an expert grower. Obviously, because of the almost unlimited 
possibilities offered by the technology available in the pot plant nurseries, the intuitive 
rules being used in practice have only a low potential of offering optima! policies for 
greenhouse environmental control (Seginer, 1993). 
Optima! policies can be found, at least in principle, by using the system model approach 
in which a bio-economic model is applied to optimize an economie performance 
measure. The success of the system model approach relates with the extent to which the 
bio-economic model bears resemblance with reality. Now as regards culture of foliage 
pot plant species, bio-economic are still "ill defined". The growth responses' parameters 
have in general not been identified yet. Moreover, owing to acclimation, they are 
themselves functions of the environmental variables (review by Sage and Reid, 1994). 
The process of acclimation is still not so well understood which makes a quantitative 
approach cumbersome. Furtherrnore, exogenous variables, such as light, prices of 
produce and fuel, can not be predicted precisely. Because of these uncertainties, the 
system model approach is unlikely to be successful (Spriet and Vansteenkiste, 1982 p.12 
-15) . 
Anyway, the system's representation could be continuously improved by using real time 
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information of the plant state, the actual running costs and the actual produce prices. 
Reai-time erop infom1ation can be obtained from sensors. In the last decade, there has 
been a fast progress in the development of instrumentation for on-line measurement of 
distinct plant processes, such as transpiration, leaf co2 assimilation, assimilate 
partitioning, as well as of distinct plant parameters, such as leaf temperature, Ieaf water 
potential, etc ... (Baille 1992 ; Schurer, 1992 ; Seginer 1991). 
Nevertheless, it is not straightforward yet how information on a multitude of plant 
processes and parameters can be linked with plant growth. On the other hand, optima! 
control requires optimization of an economie performance measure that relates with 
plant growth or yield. Accordingly, the introduetion of plant sensors in greenhouse 
environmental control should go along with the development of diagnosis tools which 
permits a permanent evaluation of control actions in terms of plant growth or yield. 
Obviously , an evaluation that would be based on the continuons comparison of actual 
plant growth against reference value, would reduce the risk of selecting inappropriate 
control actions. Furthermore, it would afford to state if actual control rules were 
superior to traditional ones, and to make as such appropriate erop management 
decisions. For ciarity's sake, it should be noted that reference plant growth is defined 
here as the growth that may be achieved if traditional control rules are applied, notably 
rules that are derived from previous experiments and management experience, and in 
the absence of pests and diseases . If optima! control rules were applied, we could speak 
about desired plant growth, but because it is a priori not known whether traditional 
control rules lead to optimality, it would be to presumptuous to identify reference 
growth already with desired plant growth. 
A critica! issue in such a diagnosis concept is how to provide, at an arbitrary point of 
time throughout the growth period, values of reference plant growth. Reference plant 
growth could be derived for instanee from a growth function, further indicated as 
reference growth function. Obviously, the reference growth function should have been 
adjusted then to observations, obtained from an experiment in which traditional control 
rules were applied. Heins and Carlson (1990) derived reference growth functions for 
various flowering pot plant species. They described stem elangation as a function of 
time. Such a "time based" approach can be motivated when culture is restricted to a 
particular period of the year. This , however, is not the case for foliage pot plant species 
for which culture may start all the year round. In summer, crops are grown at a 
substantially higher shortwave irradiance (S.) as wellas under Jonger natura! day lengtbs 
than they are in winter. This disparity in light regime might be of particular importance 
with respect to culture at high latitudes, where growth is in generallight limited (Morte-
nsen and Gislemd, 1990 ; Mortensen and Grimstad, 1990 ; Andersson, 1991 ; 
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Mortensen, 1992). It can be issued in this regard whether a "time based" growth 
function derived during summer would still be valid for predictions of plant growth 
during winter, or vice versa. From Fig. 1, it is plainly visible that the "time based" 
growth function is restricted to the season for which it has been developed. In other 
words, the growth variable's time rate change is not uniquely determined by the policies 
for greenhouse environmental control : it depends also upon the greenhouse's light 
transmission characteristics and upon the prevailing lighting intensities and daily lighting 
durations. Accordingly, it is not an indicator suitable to evaluate control policies. 
4000 
NE 
2000 
II 
.!:. 
"' Q) ._
"' 
-
"' Q) IHI ...J 
I 
:a:I:t::!: 
:a: 
0 
0 100 200 
Time {days) 
FIG.l Prediered (line) and measured (symbols, i.e. averages of six plants 
where the vertical bars represent the 95% confidence intervals) leaf 
area in F. benjamina vs. time. Measurements were derived from 
Expt. /I (winter experiment; Table 1) . A Gompertz growth curve, 
which related plant leaf area to time, provided the leaf area 
predictions. The growth curve was derived from the observations of 
Expt. I (summer experiment ; Table 1). 
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Alternatively, one could consider a growth function that relates plant growth to the 
shortwave irradiance integral (f ~ tS1dt further indicated as Ç). A ga in, it could be 
questioned if such a growth function would be uniform for winter and summer, 
provided that i.dentical setpoints were used for the controllable variables during winter 
and summer. There is indeed evidence of a strong correlation between erop dry matter 
production and the radiation intercepted by the erop (Monteith, 1977 ; Gallagher and 
Biscoe, 1978 ; Russell et al., 1989). Hence, inasmuch as the ratio between radiation 
supply and radiation interception remains relatively unaffected, it is to be expected that 
erop dry matter production will change also directly proportional with the radiation 
supplied to the erop. Note that the relation between radiation supply and interception 
is essentially detennined by the plant architecture, the plant leaf area (L.) and the plant 
spacing density (d). On the other hand, leaf C02 assimilation, being the key process of 
dry mass gain, levels off at high irradiance. Moreover, it bas been evidenced that owing 
to feedback, leaf C02 assimilation may decline with time of illumination (Azcón- Bieto, 
1983; Foyer, 1988 ; Paul et al., 1991). So from a physiological point of view, it is to 
be expected that during high light or extended light episodes, light energy will be 
converted to biomass at a lower efficiency than during low light or short light episodes. 
Vlahos et al. (1991), for instance, observed differences in growth in various Achimenes 
cultivars when equal light integrals were applied, yet with varying intensity and 
duration. Gislemd et al. (1989) evidenced that the effect of supplementary lighting on 
growth levelled off in various omamental plant species at Jonger lighting periods. From 
the work of Lieth et al. (1991) with Petunia hybrida emerged that the relationship 
between the shoot dry mass gain and the daily irradiance integral ( Çday) was biphasic 
rather than linear. 
The objective of this study was then to exarnine in several foliage pot plant species if 
the relationship between plant growth, notably leaf area expansion, and Ç is uniform, 
within the range of light intensities and lighting periods occurring in practice, and 
providedof course that the policies for greenhouse environmental control are not altered 
from one experiment to another. In this regard, predictions of growth functions fitted 
to observations of winter growth experiments were compared with growth observa ti ons 
of summer experiments or vice versa. A series of experiments, with Ficus benjamina 
as test species, bas been scrutinized to illustrate the reference growth function's use for 
evaluation of greenhouse environmental control policies. 
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1.2. Matcrials and methods 
Experimental site and plant material - Growth experiments were conducted in the 
greenhouses of the Research and Experin1ental Center of Omamental Plants (PCS) at 
Destelbergen (Belgium). Three test species were selected : Ficus benjamina cv. Exotica, 
Dieffenbachia bowmannii cv. Camilla and Schefflera arboricola cv. Compacta. Plants 
were propagated by stem cuttings with 3 to 4 leaves. Rooted cuttings were potted in 13 
cm diameter pots (two cuttings per pot for F. benjamina, whereas one cutring per pot 
for the other species). The substrate consistedof a 2:3 mix of black and white peat. In 
addition, 1 kg Osmocote (slow release fertiliser containing all major nuttieuts and 
various trace elements as well, Sierra, The Netherlands), 0.5 kg PG-mix (inorganic 
fertiliser, Windmill BV, Holland) , and 2 kg CaO were added to 1 m3 substrate. Plants 
were grown on movable flooding benehes (1.8 m x 7.5 m), which were arranged in a 
transversallayout. Plant spacing density amounted to 22.4 plants per square meter. 
Growth experiments - First, a series of experiments was carried out to assess the 
validity of the assumption that plant growth (i.e. leaf area expansion) is uniquely 
determined by Ç, irrespective of how Ç is achieved in time (over a short period, such 
as in summer or over a long period such as in winter) . In this regard, two growth 
experiments were carried out : a calibration as well as a validatien experiment. The 
calibration experiment started when natura! day length increased, the corresponding 
validatien experiment when natural day length decreased, or vice versa. By doing so, 
camparabie growth stages were observed in corresponding calibration and validation 
experiments under conditions which differed considerably in light intensity and in 
natura! day length. It is important to note that the same control policies were applied 
with respect to the controllable variables in corresponding calibration and validation 
experiments. InF. benjamina, two series of calibration and validation experiments were 
carried out. Relevant specifications concerning the various calibration and validatien 
experiments have been summarized in Table 1. Although the differences in Çday 
averages between corresponding calibration and validation experimentsof D. bowmannii 
and S. arboricola, were not pronounced, Çday was initially low during the calibration 
experiments and increased then steadily to a high value, whereas during the validation 
experiments, it was very high initially and decreased then steadily toa Iow value. From 
the analysis of the hourly irradiance records of the various experiments appeared that 
the average S, between 11 and 14 o'clock (i.e. measured at the top of the canopy) 
increased from 35 W.m·2 (in December) to 95 W.m·2 (in June) (Fredrick and Lemeur, 
1994). 
A second series of experiments with F. benjamina (Table 2) was designed in order to 
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illustrate the reference growth curves' use in evaluation of environmental control 
policies. 
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TABLE 1 
Specifications of calibration and validation growth experiments, with corresponding experiments shown 
between the dashed lines. Climate variables refer logreenhouse conditions. 
Species Expt. Growth perioei c;v njn, çday T. h. c. 
Ficus I 28/04/'87 18/08/'87 c 9/6 2.76 24.4 78 545 
I! 08jl0j'87 07/04/'88 V 13/6 0.99 22.0 69 660 
-------------------------------------------------------------
Ficus IV 02/04/'91 11/06/'91 V 6/5 3.72 23.3 66 390 
V 17/07/'91 05/ 11/'91 c 9/5 2.97 24.6 71 381 
-------------------------------------------------------------
Dieffenbachia I 18/02/'91 29/05/'91 c 8/5 3.12 22.9 66 420 
II 11/07/'91 24/09/'91 V 7/5 3.16 28.8 69 408 
-------------------------------------------------------------
Schefflera I 04/03/'91 29/05/'91 c 7/5 3.26 23.1 66 407 
II 17/07/'91 12/ 11/'91 V 11/5 2.81 24.6 70 468 
CfV : calibration (C) or validation (V) dataset ; 
njn, : n" = number of sampling occasions throughout the growth experiment, 
n, = number of plants measured per sampling occasion ; 
Çctay : average daily irradiance integral (MJ.m·2 .day·') ; 
T. : average diurnal ambient temperature CC) ; 
h. : average diurnal ambient relative humidity (%) ; 
c. : average diurnal ambient co2 mole fraction (j..l.mol.mol"1). 
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TABLE 2 
Specifications of supplementary growth experiments with F. benjamina. Climate variables refer 
to greenhouse conditions. 
Specifications Expt. Growth period nJn, Çday T, h. c, 
no nutrients III 13/12/'90 14/05/'91 9/5 2.37 22.4 66 418 
SL night VI 24/11/'92 18/03/'93 9/20 1.83 23.1 67 550 
SL day VII 24/11/'92 18/03/'93 9/10 1.74 23.3 67 550 
SL night+day .. VIII 10/12/'93 14/04/'94 10/20 1.80 22.9 64 635 
SL night+day .. IX 10/12/'93 14/04/'94 10/20 1.80 22.9 64 820 
: fertiliser added to peat but irrigation with tap water ; 
: either SL night or SL day, depending upon the greenhouse compartment ; 
SL : supplementary lighting ; 
nJn, : n0 ~ number of sampling occasions throughout the growth experin1ent, 
n, ~ number of plants measured per sampling occasion ; 
l;d•y : average daily irradiance integral (MJ.m.2 day·') ; 
T, : average diurnal arnbient temperature CC) ; 
h. : average diurnal arnbient relative humidity (%); 
c, : average diurnal arnbient C02 mole fraction (iJ.mOI.mol·1) . 
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Environmental control - The concerning calibration and validation experiments were 
conducted under favourable conditions concerning nutrient and water supply, the 
nutrient solution's electrical conductivity and pH, air and substrate temperature, air 
humidity and in the absence of pests and diseases. In very general terms, favourable 
conditions are defined as those conditions which are presupposed toyieldat any stage 
of the growth season and for the prevailing light conditions and ambient co2 mole 
fraction (c.), plants with a maximum economie value (which might relate for instanee 
with leaf area, plant dry mass, plant height, number of branches, etc ... ). It should be 
emphasized that favourable conditions are not necessarily optima! with respect to an 
economie performance measure. Nutrient and water supply, for instance, were 
presumably in excess of their actual requirements. Rules for irrigation, nutrition and 
elimate control were formulated by the staff of the PCS on the basis of previous 
experiments. 
The rules for elimate control were implemented via the expert system shell of the 
elimate computer (Mereg, Belgium). Fora detailed description on environrnental control 
(rules and hardware) , we refer to Beel et al. (1996). 
In short, benehes were flooded during halfan hour with nutrient salution whenever the 
outside Ç reached 20 MJ.m·2, i.e. with integration starting from the previous irrigation. 
The composition of the nutrient salution was as follows : 14 mmoU' N03· , 4 mmol.l"' 
H2P04· , 0.5 mmol.l"' SO/ , 2 mmol.l" 1 NH4- , 9 mmol.l" ' K-, 0.5 mmol.l"' Ca2• and 0.5 
mmol.l" 1 Mg2•• The electric conductivity of the nutrient salution amounted to 1.2 
mS.cm·', the pH 5.5. 
Setpoints for minimum dayjnight air as wel! as substrate temperature were 22 oC/20 oe. 
The concerning setpoints increased linearly with increasing irradiance (notable with 1 
oe per 100 W.m·2 , the latter measured outside). Warm water pipes above and below the 
benehes were used in the control of air and substrate temperature, respectively. 
Ventilation started when air temperature was 1 o C above the setpoint of minimum air 
temperature. The vents' position was linearly changed to the maximum opening in a 
temperature range of 1 o C. When outside irradiance exceeded 200 W.m·2, shading 
curtains were drawn. C02 injection was stopped whenever the vents' opening reached 
30% of the maximum opening. In this regard, we referred only to reearcled c. values 
in Tables 1 and 2. It is important to notice that c. was on an average not much different 
for corresponding calibration and validation experiments, whereas the two sets of 
calibration and validation experiments of F. benjam i na differed in particular in c. ( ±600 
and 400 )..Lmol.mol·'). 
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In experiments VI to IX with F. benjamina, supplementary lighting was applied by 
means of high pressure sodium lamps (SONjT, Philips, Netherlands). The S1 provided 
by the Iamps, i.e. measured 40 cm above the benches, averaged 17 W.m·2• Depending 
upon the greenhouse compartment, supplementary lighting was applied either during the 
natura! day or during the night. In the greenhouse compartments were supplementary 
lighting was applied during the natura! day, the lamps were switched on when the 
natura! S, at the top of the canopy dropped below 15 W.m·2. In the compartments with 
lighting during the night, supplementary lighting continueduntil Çday reached 3 MJ.m·2 
or until the overall (natura! and artificial) daily lighting period reached 16 hours. In 
Expt. VI, plants were grown in four compartments with nocturnal supplementary 
lighting, whereas in Expt. VII plants were grown in two compartments with daily 
supplementary lighting and in Expt. VIII and Expt. IX as well, plants were grown in 
four compartments, one compartment without supplementary lighting, one with daily 
supplementary lighting and the remaining two with nocturnal supplementary lighting. 
Leaf area and irradian ce measure ments - Plant leaf area, L., has been retained as output 
variabie as it deterrnines, in part at least, the foliage pot plant's omamental value. 
Nevertheless, we recognize that beuristic considerations largely affect price setting 
(personal communication E. Beel). Destructive measurements of L, (of five or six plants 
of each greenhouse compartment, Table 1 and 2) were carried out with an area meter 
(type LI-3000 , Li-Cor, US) at regular intervals of 7 or 14 days. Plants were randomly 
selected and replaced by spare ones. The latter were not selected for further leaf area 
deterrninations. 
On each table from which plants were selected for L, determinations, S, was measured 
with two tube solarimeters (type TSL, Delta-T, UK), which were mounted horizonrally 
(about 5 cm above the canopy). Solarimeters were connected to a data acquisition unit 
(type 3421 A, Hewlett Packard, US) and microvolt integrators (Type MV2, Delta-T). 
Every solarimeter was scanned by the data acquisition unit twice a minute. Hourly 
averages were stored on a floppy disk. 
Growth function - In a preliminary analysis, various S-shaped (Gompertz, Logistic, 
Chanter, Richards) and polynomial equations were adjusted to the datasets consisting 
of L, and conesponding Ç observations (Fredrick and Lemeur, 1992). The Gompertz 
function performed superior, in that it showed on an average the lowest value for the 
BIC mayesian !nference Çriterium). The concerning BIC criterium allows to select 
from a set of equations and for a specific dataset, the equation that shows the best 
trade-offbetween fitand complexity (Fredrick, 1988).The general forrn ofthe Gompertz 
equation is : 
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(1) 
where La (cm2) denotes the initialleaf area ; L. and Ç are expressed in cm2 and MJ.m·2, 
respectively. 
The ftmction parameters ~a (Ml 1.m2) and 11 (Ml 1.m2) may be interpreted by 
consiclering the differential form of Eq. (1) : 
(2) 
where a is the differential operator. Note that d is plant spacing density. The left hand 
side of the equation is defined here as the leaf area : radiation quotient (ELa ; cm2.Ml 1) . 
We recognize that our definition of EL• departed from the original one in that we related 
the ra te of erop growth to the ra te of solar radiation supply, instead of relating it to the 
rate of absorption or interception of solar radiation .. From Eq. (2) derives that the initia! 
E1a is given by [La d ~aL indicating that it is directly proportional to ~a- With increasing 
plant size, more light is intercepted. Accordingly, EL• increases. The increase in ELa with 
rncreasing plant size is accmmted for in Eq. (2) by L •. Nevertheless, the effect of an 
increase in L. is opposed in E1• by a decrease in e· ~é. The exponentially <kcneasïng fac-
tor accounts inter alia for changes in, plant morphology, senescence, and light energy 
available per unit of leaf area. Changes in plant morphology relates in this regard with 
changes in plant leaf area ratio (the ratio of the plant leaf area to the overall plant dry 
mass) and in specific leaf area (the ratio of the leaf area to the leaf dry mass). 
According to Eq. (1) and (2), the uniformity of the L. vs. Ç relationship would imply 
that, for a specific La, there existed unique parameter values for ~a and 11, regardless 
of the time rate change of Ç or that there existed a unique EL• for every [d LJ. 
Parameter estimation - Weighted least squares estimates of the parameters of Eq. (1) 
have been obtained by means of the SPSS Nonlinear Regression procedure (release 4.0) . 
The regression analysis was performed on L. averages. The weight attributed to the 
residual i was derived as l/s;2 , s; 2 being the sample varianee of the conceming L. 
average . Hence, if there was high uncertainty in the L.s of a specific measuring 
occasion, which would have been reflected in a high s;2 , a higher discrepancy between 
measurement and prediction was tolerated. 
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Evalimtion of the uniformity of the La vs. Ç relationship : Growth functions were 
adjusted to the cal i bra ti on datasets and then applied to validation dataset. Let fcC Ç) and 
fvC Ç) represent growth functions derived from a calibration and corresponding validation 
dataset, respectively, and let denote by Çi the specific value of Ç being derived by 
inversion of fcCO such that fcCO = fvCO) . The fc(Ç +0-calculation, being the predicted 
L. according to the growth function derived from the calibration dataset, was for each 
Ç compared with the corresponding L. measurement, notably derived from the 
validation dataset. To express the precision of the predictions, a mean relative prediction 
error (MRPE) was derived by averaging the relative preelietion error, being the ratio of 
the absolute difference between measured and predicted L. to their average. 
In addition, a statistica! test was carried out to verify whether the L. vs. Ç relationship, 
being derived from a calibration dataset, was similar to that derived from the 
corresponding validation dataset. In particular, the hypothesis under test was whether 
[fc(Ç +0-fv(Ç)] could reasanabie be 0, irrespective of 1;. In this regard, an estimate of 
the varianee of fc(Ç), indicated as Src<o2 , was derived: 
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and where SL0 2 , s~o2 ,s~ 2 ,(COV)Lo~o ,(COV)Lo~' and (COV)~o~ denote the variances and 
covariances of the parameter estimates L0 , IJ.o and T]. They were obtained, in 
conjunction with the parameter estimates, from the nonlinear regression analysis. 
Similarly, Eq. (3) and (4) were used to derive the varianee of fv(Ç). Note that Eq. (3) 
and (4) are explicit functions of L0 , IJ. 0 , T] and 1;. Hence, by substituting the appropriate 
values of L0 , IJ. 0 , T] and I; into Eq. (3) and ( 4), the varianee of the predicted L. 
according to a particular growth curve and for a particular I;, could be provided. The 
null hypothesis was rejected then when [fcC I;+ 0 -fvC I; )]/v'[src(Ç +Çi)2 +srvm2] > t' 05 where 
t'0_5 was given by the weighted mean of two values of t0_5 with a degrees of freedom of 
nc-3 and nv-3 (nc, Dy being the number of observations of the calibration and validation 
dataset, respectively, retained for curve fitting). The respective weights were Src<e•w2 and 
Srv<o2 (Snedecor and Cochran, 1957, p 97-99). The test was carried out repeatedly for 
Ç increasing in steps of 10 MJ.m·2 (the minimum and maximum I; were determined 
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such that the predicted L, remained within the range of measured L,). When for at least 
one f" the test led to reject the hypothesis that [fc( Ç +0-fv( E;)]=O, we concluded that the 
L, vs. Ç relationships of the calibration and corresponding validation experiment were 
different in a statistica! sense. We recognize that the concerning test was an approximate 
one because src(é +éil2 and Srvco 2 were in general statistically different. Moreover, the 
distribution of F0 (1;) as wellas that oft fvC,Ç)deP.ar.ted fr.om normality. 
1.3. Results and discussion 
1.3.1. Unifonnity of the L. vs. Ç relationship 
The L, observations of the validation datasets were predicted reasonabry w€'1JJ b~ the 
growth curves derived from corresponding calibration experiments (Fig. 2). Predictions 
exceeded the 95% confidence intervals, associated to the measurements, in 11 out of 37 
cases (30%). The MRPE amounted to 10%, 7%, 6% and 12%, for F. benjamina grown 
at elevated C02 ( ±600 1J.mol.mol.1) and ambient C02 ( ±.400 J.Lmol.mol·\ for D. 
bowmannii, and for S. arboricola, respectively. The growth curves' parameters have 
been shown in Table 3. The statistkal tests revealed that L, predictions of corresponding 
calibration and validation experiments were not significantly different, irrespective of 
Ç (Table 3). In other words, within the range of the light intensities and the naturai day 
lengths of the concerning calibration and validation experiments, the L, vs. Ç 
relationship was uniform, in that it was unaffected by the time rate change of Ç. In 
other words, for each [d L,] and for specific setpoints for the controllable variables, 
there would exist a unique ELa· Hence, this EL" being typical for the reference growth 
conditions, could be used as a basis against which measured values of EL, could be 
compared in order to evaluate appropriateness of the actual growth conditions. 
To explain the uniformity, we introduced first of all, the dry matter : radiation quotient 
(Ew1 ; g.MJ' 1) as [d !::. W, f !::. Ç], where W, denotes the whole plant dry mass and !::. 
indicates a small change in a variable, and secondly, the "gross" dry matter : radiation 
quotient (E'w,; g.MJ' 1), which is defined here as the ratio between the plant "gross" dry 
matter gain (plant dry matter gain to which the dry matter lost by maintenance 
respiration has been added) and the solar radiation supplied to the plant. 
That ELA would be relatively unaffected lly S, can be pursued as follows : with 
increasing Sv the proportion of the absorbed light energy being dissipated lly 
chlorophyll molecules as heat andfluorescence, increases and this at the expense ofthe 
proportion available for photochemistry. Hence, E'w, decreases with increasing Sr On 
the other hand, with decreasing Sv the time span required to achieve a specific !::. Ç 
27 
increases directly proportionaf to 1/S, The amount of C02 that is released again by the 
plant from maintenance respiration (the growth process's "running casts") increases 
proportionally with time, implying that the lower S, is, the higher are the "running 
casts" per unit of Ç. So any enhancement in E'w, resulting from a decrease inS, would 
be balanced out in Ew, by an increase in C02 release from maintenance respiration. As 
Ew, is relatively unaffected by S, and inasmuch as changes in S, have only minor effects 
on the leaf area ratio, it is to be expected that ELA will be relatively unaffected by S, as 
wel! (see appendix). 
Nevertheless, the uniformity between plant growth (leaf area expansion or dry matter 
gain) and Ç might be questioned on physiological grounds, in particular in case of 
pronounced changes inS,. Note in this respect that above a specific S,, all photosystem 
II reaction centers are closed and that, accordingly, any extra light energy above this 
threshold value would be dissipated as fluorescence and heat. Hence, if S, increased 
above a critica! intensity, the reduction in E'w, would more than offset in Ew, the benefits 
from the reduction in overall "running costs". Hence, for S, increasing beyond the 
critica! intensity, Ew, and ELa as well would begin to decrease (see appendix). Moreover, 
it is to be expected that the decreasein ELa will be relatively more pronounced than that 
in Ewt· The reason for this is that with increasing s" plants develop in general a lower 
leaf area ratio. That is to say, a unit increase in plant dry mass is accompanied by a 
lower increase in leaf area at high S, than at low S,, as has been shown for Alocasia 
macrorrhiza by Simset al. (1994) and for F. benjaminaas well by Beel et al. (1996). 
Conversely, when S, decreased below a specific intensity, the i.ncrease in the overall 
"running costs" would more than outweigh in Ew, the benefits from the increase in E'w,. 
Consequently, forS , decreasing below this critica! intensity , Ew, and ELa as well would 
begin to decrease (see appendix). Because of acclin1atory changes in leaf area ratio, it 
is to be expected that the decrease in ELa with decreasing S, would be relatively less 
pronounced than that in Ew,. The decrease in Ew, with decreasing S, can be easily 
understood by consiclering that at a critica! S,, the gross C02 uptake from the plant's 
various leaves equals the plant's C02 release. At this S,, an infini te Ç will eventually not 
result in any dry mass gain. 
How can the notion that ELa would be lower at low and high S, than at intermediate S, 
be reconciled then with the observed uniformity in the L. vs. Ç relationship for winter 
and summer greenhouse growth experiments which notably differed considerably inS,? 
First of all, the range of the prevailing S, values could be fictitiously split into a nurnber 
of intervals, the class interval being for instanee 20 W.m·2 and let denote by S,,i the 
center point of interval i. Suppose for the moment tl1at Ç and therefore also the increase 
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in L. were sufficiently small, which would allow to neglect any effect of an increase 
in L. on ELa· The value of Ç could be conceived then as a sum of terros (:E~St,i where 
i ranges from 1 to n, n being for instanee 15 and ~ indicates the time span associated 
to S,,J Hence, the leaf area expansion over a short growth interval :E~ could be 
calculated as :E ELa,i~S,,i where ELa,i is the leaf area : radiation quotient for S, being S~i· 
From a physiological point of view, ELa,l as well as ELa,n (and possibly ELa,2 and ELa,n-l 
as well) should be lower than any ELa,i associated to an intermediate S,,i . From a more 
casual view, the uniformity of the L. vs. Ç relationship for summer and winter 
greenhouse growth experiments could be understood then from the interaction that 1) 
in greenhouse growth experiments with only natura! light, the contribution of t1S,,1 to 
Ç for winteF would have been similar to that of ~S,,n for summer; 2) for intervals being 
not too small, ELa,l would have been similar to ELa,n; 3) since S,, 1 and ~ were small, t1S,,1 
and ~S,,n would nat have contributed much to Ç. 
Alternatively, the uniformity between L. and Ç might be once more an example of the 
widespread belief that plants have the ability to modulate investment pattems as to 
maintain the efficiency of exploiting light (review by Sage and Reid, 1994). Hence, 
owing to acclimation, the upper threshold value of S, beyond which EL• decreased, 
would be higher in plants grown at high S, than in plants grown at low S,. Note in this 
respect that leaves developed at high S, (sun leaves) are in general thicker, or in other 
words, show a lower specific leaf area, than leaves developed at low S, (shade ·leaves), 
as has been illustrated for F. benjamina by Beel et al. (1996). Consequently, the 
decrease in E'w, with increasing S,, should be less pronounced in sun leaves than in 
shade leaves. On the other hand, water losses per unit of leaf area are in general lower 
in plants grown at low S, than in plants grown at high S,. Accordingly, the former invest 
less in root development, which is reflected in a higher leaf area ratio. This has been 
illustrated in Alocasia macrorrhiza by Sims et al. (1994) and in F. benjamina as well 
by Beel et al. ( 1996). Because of their higher leaf area ratio, shade plants exhibit a 
lower plant maintenance requirement, when expressed per unit of leaf area, than sun 
plants do. Therefore, the threshold value of S, below which EL• decreased again, would 
be lower in plants grown at low S, than in those grown at high S,. 
Furthermore, any inconsistency in the relationship between plant growth and Ç has 
merely been reported for experiments which embraced more extreme treatments, for 
instanee treatrnents in which plants were submitted during extended periods to a very 
low S,( 17 W.m 2) (Vlahos et al., 1991) , or toa rather high Çday (about 9 MJ.m·2.day-1) 
(Lieth et al., 1991). These conditions could be realized in growth ebarobers and are not 
directly relevant to the practical greenhouse growing situation. Moreover, Lieth et al. 
(1991) reported only on short term growth experiments of one to two weeks. 
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Presumably, the plants did not have the ability to acclimate to the more extreme 
conditions to which they were exposed in the treatments. 
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I and S. arboricola (d: ambient 
I CQ2 WaS abOU{ 400 ;.tmOl.mof"1 
! ). Measurements were selected 
'ifrom Expt. 1/ (a), Expt. IV (b), 
Expt. II (c) and Expt. I/ (d). 
Predictions were provided by 
"irradiance based" growth 
curves. The growth curves were 
derived from Expt. I (a), Expt . 
V (b), Expt. I (c) and Expt. I 
(d) (see Table I for further 
specifications on the growth 
experiments). 
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TABLE 3 
Function parameters L0 (cm 2), 1-lo (MI 1.m2) and T} (MI1.m2) of the Gompertz 
growth curves (see Eq. 1), relating plant leaf area (cm 2) to irradiance inlegral 
(MJ.m .2). Figures in brackets denote sample standard deviations of parameter 
estimates. SEE : sample standard error of estinzation ; S : significanee : the same 
letter indicates that for every value of the irradiance integral, the leaf area 
predierion according to the growth curve of the caiibration experiment was not 
significantly different at tlze 5% level from that according to the corresponding 
validation experiment (see materials and methods). 
Species Expt. Lo 1-lo Tl SEE s 
(x 10"4) (x 10"4) 
Ficus 152 203 60 64 a 
(31) (31) (8) 
II 227 183 52 76 a 
(44) (43) (21) 
------------------------------------------ -------
Ficus IV 260 118 32 111 a 
(8 1) (51) (28) 
V 261 107 17 83 a 
(46) (24) (13) 
------------------------------------------ -------
Dief!enbac hia 244 160 48 194 a 
(106) (6) (21) 
II 411 84 13 115 a 
(122) (31) (16) 
------------------------------------------ -------
Sche.fflera 153 141 42 5 a 
(3) (3) ( 1) 
II 142 126 37 64 a 
(39) (31) (11) 
1.3.2. Examples of applications 
An important implication of the uniformity of the L. vs. Ç relationship is that only a 
single reference growth function (i.e. a ftmction with unique parameter values derived 
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from a single growth experiment) would be required to evaluate whether a erop is ahead 
or behind schedule, irrespective of the growth experirnent's starting date, the 
greenhouse' s light transmission characteristics and the greenheuse's location. Any 
disparity between actual and reference (predicted) L. learns the grower that actual 
environrnental conditions would be either less or more favourable than the reference 
condi tions. Moreover, from the analysis of, the difference in L., the rurining costs 
associated to actual and reference greenhouse environrnental control policies, and the 
prices of produce, it could be derived whether or not the current policies would be 
beneficia! in terms of economie return. 
The following series of growth experirnents has been perforrned with F. benjamina to 
illustrate the use of reference growth functions for evaluation of 1) an alternative 
feeding program, 2) distinct strategies for co2 emichrnent and 3) distinct strategies for 
artificial lighting. Depending upon the situation, either the growth curve of Expt. I or 
that of Expt. IV ( Table 1) was retained as reference growth function. Leaf area 
expansion has been depicted for the various experirnents in Fig . 3. The parameters of 
the various curves have been illustrated in Table 4. 
Nutrient supply- Apparently, when plant nutrition was restricted to the base fertilizers 
(i.e. which were added to the compost when it was mixed), growth was initially not 
retarded (compare in Fig. 3 the growth curves of Expt. III and IV). Clearly, it would 
be beneficia!, i.e. from an economical and environmental point of view as well, to 
reduce the concentratien of the nutritive solution substantially in the initia! part of the 
growth period (until Ç would reach 150 MJ.m-2) 
CQ2 enrichment - C02 emichrnent from about 400 tO 600 1-lmol.moJ·l enhanced growth 
considerably (compare in Fig. 3 the growth curves of Expt. I and IV). It could be 
leamed from the respective growth curves that co2 emichrnent from 400 to 600 
t-Lmol.moi-1, would lead to a reduction in the overall Ç, being requirecl to growth the 
plants toa marketabie size, from 270 MJ.m-2 to 215 MJ.m-2 (provicled that the initia! L. 
was 150 cm2 ancl that marketabie plants had an L. of 1750 cm2). Accordingly, ancl 
relying upon the shortwave irradiance observations of the Belgian Meteorological 
Institute (Monthly Weather Bulletins of the K.M.I.), it could be clerived that for the 
growth periocl's starting being 1 September ancl for a greenhouse with a light 
transmission coefficient of 40%, a reduction in Ç with 55 MJ.m-2 would lead on an 
average to a recluction in the growth periocl with 47% (from 121 days to 64 days). For 
the starting date being 1 June and a light transmission coefficient of 20%, the recluction 
of the growth period would average 23% (from 82 days to 63 days). Consiclering that 
a recluction in the growth period in winter leads to a substantial saving in energy costs, 
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we could advance that co2 enrichment would be beneficia! for culture starting in 
September. In case of summer culture, considerable amounts of C02 may be wasted 
owing to ventilation, yet on the other hand, co2 has to be supplied over a shorter period 
than in winter culture. Clearly, without any econometrical analysis, the conclusions 
whether or not C02 enrichment would be beneficia! remain speculative. Furthermore, 
it should be noted that the assumption of a constant light transmission coefficient 
throughout the growth period is not a realistic one (shading occurs especially during 
summer). It is to be expected in this regard that actual differences in growth period 
reductions for different starting dates will be less pronounced. 
A further increase in c. beyond 600 IJ.mol.moi-1 did not enhance growth significantly 
(compare in Fig. 3 the growth curves of Expt. I and Expt. IX), which corroborated the 
findings of Andersson (1991). Apparently, it not advisable to enrich C02 beyond 600 
IJ.mol.mol-1 inF. benjamina plants grown at low to moderate light intensities. Note that 
the concerning growth experiments were conducted during winter. 
Supple mentary lighting - The application of supplementary lighting did not affect the 
relationship between L. and Ç significantly, irrespective of whether lighting was applied 
during the day or the night (compare growth curves of Expt I with growth curves of 
Expt. VI and VII). An important implication of this finding is that an "irradiance based" 
growth curve provides a basis for analyzing the costs and profits associated to the 
application of supplementary lighting and, as such, for evaluating whether or not 
supplementary lighting would be beneficia!. Note that during nocturnal supplementary 
lighting, S, was as low as 17 W.m-2 and that supplementary lighting contributed to about 
25% of the overall f,. Hence, even when low S, va lues contributed to an important 
extent to the overall f,, the uniformity between L. and f, basnotbeen violated, at least 
in F. benjamina. 
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TABLE 4 
Function parameters L0 (cm 2), ~o (MI 1.m2) and T] (MI 1.m2) of the Gompertz 
growth curves (Eq. 1), which relate plant leaf area (cm 2) to irradiance inlegral 
(MJ.m.2) for various experiments with F. benjamina. Figures in brackets denote 
sample standard deviations of parameter estimates. SEE: sample standard error 
of estimation ; S : Significanee : * indicates that for at least one value of the 
irradiance integral, the leaf area prediction according to the co nee rning curve 
differed significantly at the 5 % level from that of the reference growth curve (see 
materials and methods). Ref shows the number of the experiment being that was 
retained as reference ; ca : ambient C02 male fraction (~mol.mot1) ; SL : 
supplementary lig hting. 
Specifications 
c, = 545 
c, = 418 
no nutrients 
c, = 390 
c, = 550 
SL night 
c. = 550 
SL day 
c. = 635 
SL night+day 
c. = 820 
SL night+day 
Expt. 
III 
IV 
VI 
VII 
VIII 
IX 
152 
(31) 
115 
(35) 
260 
(81) 
364 
(37) 
367 
(64) 
114 
(26) 
132 
(37) 
~0 T] 
(x 10-4 ) (x 10-4 ) 
203 
(31) 
200 
(50) 
118 
(50) 
151 
(25) 
174 
(61) 
274 
(50) 
236 
(57) 
34 
60 
(8) 
74 
(13) 
32 
(28) 
69 
(15) 
88 
(38) 
86 
(14) 
72 
(18) 
SEE S Ref. 
64 
78 * IV 
111 * 
42 
112 
127 
175 I 
2000 j Expt. I -- . .;_· - Expt. IX Expt. VIII 
NE 
~ 
RI 1000 Cl> 
... 
RI 
..... 
RI 
Cl> 
...J 
0 
0 100 200 300 400 
lrradiance integral (MJ.m.2) 
FIG.3 Plant leaf area of F. benjamina vs. shortwave irradiance int eg ral for 
various growth experiments. Expt. liJ and IV : ambient C02 (c.) 
about 350 p.mol.mot-1 with inadequate nutrient supply in Expt. III. 
Expt. I, VI, VII and VIII : c. about 600 p.mol.mot-1 with 
supplementary lighting, during the night in Expt. VI, during the day 
in Expt. VII, and during day or night, depending on the greenhouse 
compartment, in Expt. VIII ; ca about 800 ppm in Expt. IX. 
1.4. Conclusions 
The results of this study showed that , for each of the test species, the relationship 
between L, and Ç was llllÎform, providing that the specific setpoints for the controllable 
variables (c" T,, h. etc ... ) were not altered. Accordingly, the L, predictions from a 
reference growth function that relates L, to Ç, can be used as a basis against which 
actual L, values can be compared, irrespective of the growth experiment's location and 
starting date. 
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1.5. Appendix : relationship between ELa and S, - a simulation study 
The uniformity of the relationship between L. and I; for winter and summer conditions 
implicates that fora specific [d LJ, ELa would be unaffected by S,. This derives from 
Eq. (2) and can be understood by consiclering whole plant dry matter gain (ll Wt in g) 
over a time span ll t as composed of two processes : 
e e -o: sr S 
Cl W = Je Wl,m I - m WJ dt 
1 d r t 
lll 
(5) 
where a (W.J .m2) and Erwt,m (i.e. expressed here in g.J.1) are empirica! parameters and 
m, (s.1) denotes the maintenance respiration coefficient ; note that d is plant spacing 
density. 
The frrst term of the right hand of Eq. (5) describes the conversion of light energy to 
{{gross{{ plant dry mass. In particular, the efficiency with which light energy is converted 
to {{gross{{ dry matter has been approximated by an exponentially decreasing function 
of St. In other words, Erwt has been described as Erwt,me·ast. Hence, the parameter a 
accounts for the decline in Erwt with increasing St, whereas Erwt,m denotes the maximurn 
E'wo notably obtained from extrapolation toS,= 0 W.m·2. Note that both parameters are 
nonstationary : they are affected among others by the plant size and the plant 
morphological properties (leaf area ratio, specific leaf area, etc ... ). The latter depends 
in turn upon the environmental conditions. In this regard, a and Erwt,m could be 
described for instanee as empirica! functions of W,, the parameters of which should be 
treated in turn as functions of environmental varia bles, such as c., S, etc ... The second 
term accounts for the dry matter lost by the whole plant through maintenance 
respiration. 
To illustrate then how ELa would be affected by S,, Eq. (5) has been elaborated for 
distinct S, values. Hence, for the special case of a constant S1, the analytica! salution of 
Eq. (5) could be approximated by : 
(6) 
Note that llÇ (MJ.m 2) has been calculated in this particular case as 10'6S,llt. Clearly, 
Eq. (6) is an approximate salution of Eq. (5) in that a and Erwt,m as well as W, have 
been considered as constants, which can be justified for a small Cl!;. 
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Finally, Ew, was converted to EL• (note that EL.=[d .:lLJ.:lÇ]). For doing so, we 
considered a F. benjamina plant and derived appropriate parameter values from the 
observations of Expt VIII . Destructive measurements of Expt. VIII had revealed that L. 
(cm2) and W, (g) could be related by the following equation : L. = -22 + 167W, -
2.83W,2 (chapter II ; Fig. 3). Accordingly, EL• was derived as fellows : 
ELa = (167 - 5.66~) Ew1 (7) 
Solutions of Eq. (7) for distinct S, values where Ew, was derived according to Eq. (6), 
have been shown in Fig. 4. In a frrst scenario, we assumed a F. benjamina plant with 
a W, of 3 g (L. = 450 cm2), in the secend scenario, W, was set to 9 g (L. = 1253 cm2) . 
Appropriate values for the parameters a and Ew,,m were derived as follows : first, the 
function parameters of the growth curve of Expt. VIII (Table 4) were used in Eq. (2), 
yielding ELa· In particular, ELa amounted to 159 cm2 .MJ 1 and 192 cm2 .MJ 1 for L. being 
450 cm2 and 1253 cm2 , respectively. Next, inversion of Eq. (7) revealed that Ew, 
amounted to 1.05 g.Ml 1 and 1.66 g.Ml 1, respectively. Further analysis of the S, records 
of Expt. VIII showed that S, averaged 23 W.m·2 . Hence, solving Eq. (6) to E'w,.me·ast 
with S,=23W.m 2 and m, = 1.74 10"7 s· ' (Leutscher and Vogelezang, 1990) revealed that 
E'w,,rne 23a would have been 1.57 g.Ml 1 and 3.18 g.Ml 1, for W, being 3 g and 9 g, 
respectively. Finally, we took for E'w,,m values that were slightly higher than the 
respectivc values of E'w,,me.23a. The respective as were then calculated as 
ln(E'w,,m/1.57)/23 and ln(E'w,,nJ3.18)/23. Clearly, the a and E'w,,m estimates were 
dependent upon the plant size. 
The solutions of Eq. (7) increased substantially with increasing S, until reaching a 
maximum. Thc maximum was foliowed by a slow decrease. Clearly, the notion that ELa 
would be unaffected by S, or in other words that the relationship between L. and Ç 
would be unaffected by the time ra te change of Ç, could be subscribed, provided that 
S, did not exceed specific threshold intensities. For the particular parameter values being 
retained in the simulation, the threshold values were approximately 20 W.m·2 and 250 
W.m·2. Nevertheless, they differed slightly for the different scenarios. Consequently, the 
threshold values of S, below or above which EL• begins to decrease substantially, depend 
upon plant size and plant morphological properties. It is important to note that shade 
to sun acclimation may lead to an increase in the upper threshold value, whereas sun 
to shade acclimation might result in a decrease of the lower threshold value. 
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FIG.4 Simulations of the leaf area : radiation quotient (EL) as affected by 
shortwave irradiance(S1,) . Simulations we re obtained as the solutions 
of Eq. (6) and (7)/or m, = 1. 74 1(}7 s·' and a = 2.16 1(}3, E'wrm 
= 1.65, the whole plant dry weight (W,) = 3 (curve 1) ;a = 0.28 
1(}3, E'w, 111 = 1.58, W, = 3 (curve 2); a= 2.39 1(}3, E'w, 111 = 3.36, 
W, = 9 '(curve 3); a = 0.94 1(}3, E 'wr.m = 3.25, W, = 9 (curve 4) 
(ex in W 1.m2 ; E 'wr.m in g.MJ·'; W, in g). The parameter values were 
derived for F. benjamina from the observations of Expt. VJJ1 (see 
also text) . 
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Abstract 
Tbc utility the of photosystem 11 (PSIO pulse amplitude modulated (PAM) 
chlorophyll fluorescence technique for in situ idcntification of a growth model's 
parameters (in pa1·ticular, the pa1·ameters of the photosynthesis submodel) and, as 
such, in plant growth monitoring and forecasting bas been scrutinized in a case 
study with Ficus benjamina. 
First, empirica! relationships were cstablished, descrihing the ratio of tbc quanturn 
yicld of PSU photochcmistry (<J>psu) to that of C02 assimilation (<J>c02) as affcctcd 
by cnvironmental factors, notably tbc photosynthctic pboton flux incident on tbc 
lcaf (Qr) and thc ambient co2 molc fraction (c.). The [<Pco:J<PPsul ratio dccrcascd 
linearly with incrcasing Qf) whcrcas the intercept and the slope were approximated 
by linearly increasing and decreasing functions of c., respectively. The concerning 
changes in [ <Pc02/<PPsul were interpreted in terms of the compe ti ti on between the 
sinks for the products emanating from linear electron flow. 
Next, a greenhouse growth experiment, which consisted of two C02 treatments, bas 
been conducted. In the first treatment, the diurnal c. averaged 635 ~mol.moJ·1 , in 
the second, it averaged 820 ~mol.moi·1 • In situ <PPsu obsenations, being obtained 
at rcgular time intervals throughout the growth period, were converted to <Pcoz by 
means of the empirica! equations. By doing so, a representative image of leaf C02 
assimilation could be obtained for both co2 treatments , that is to say an image 
that was composed of measm·ements of various leaves from different layers of the 
canopy as well as of measurements obtained at different erop growth stages. The 
obsuvations from distinct erop growth stages could be accommodated by a single 
photosynthetic light response curve. Moreover, the light responsecunes from the 
distinct co2 treatments were very similar, an observation that could be 
reconciliated with the findings that plant growth (i.c. leaf area expansion), leaf area 
ratio as well as light interception were rclativcly unaffected by c •. 
Finally, tbc light response curves were included in a simple physiological plant 
growth model. Lcaf area could bc predictcd by tbc model within the 5 % range of 
mcasurements. Hence, it was stated that chlorophyll fluorescencc technique can be 
fully relied upon for reai-time idcntification of thc parameters of thc photosynthetic 
light response. Whcn thc calibratcd light response curve is includcd thcn in a 
simplc plant growth model, accm·atc lcaf ar·ca pr·cdictions eau bc made. 
Abbreviations : A- rate of C02 assimilation ; A g - gross C02 assimilation rate ; A "g -
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gross C02 assimilation rate of the canopy, i.e. expressed per unit ground area ; Amax -
asymptotic value of the photosynthetic light response curve ; a - leaf light absorption 
coefficient ; a0 , a 1 and a2 - coefficients of the polynomial equation relating plant leaf 
area to whole plant dry mass ; d - plant spacing density ; c., ei and c, - co2 mole 
fractions where subscripts a and i denote ambient and intercellular, respectively, and x 
denotes at the site of carboxylation ; F'0 , F'm and F,- chlorophy 11 fluorescence intens i ties 
in light acclimated leaves, in particular observed following darkening for several 
seconds and the application of far red light and hence, with all PSII reaction centers 
open (subscript o), following a light saturation pulse and hence, with all PSII reaction 
centers closed (subscript m) and under steady state conditions (subscript s) ; K- canopy 
light extinction coefficient ; L - leaf area index ; L. - leaf area of an individual plant 
; I- cumulative leaf area index ; me - maintenance respiration coefficient expressed on 
a carbon basis ; PCO and PCR cycles - photosynthetic carbon oxidation and reduction 
cycles, respectively ; PPF- photosynthetic photon flux ; PSI and PSII- photosystems 
I and II ; Qb, Qr and Qo - PPF, in particular in a horizontal plane below the canopy 
(subscript b) , incident on a leaf (subscript f) and in a horizontal plane at the top of the 
canopy (subscript o) ; qp - photochemical quenching coefficient of chlorophyll 
fluorescence quenching ; Rct - rate of respiratory C02 release by leaves from processes 
other than photorespiration ; R'M.c - rate of maintenance respiration, i.e. expressed per 
unit of ground area ; RuBP - ribulose-1,5-bisphosphate ; SE - standard error ; Y a,c-
growth yield coefficient indicating mol carbon added to new structure and long term 
starage per mol carbon in glucose used in growth processes ; W, - whole plant dry mass 
; a - initia! slope of the photosynthetic light response curve ; !'::.. W,- daily whole plant 
dry mass gain ; p, -r - leaf light reflection and transmission coefficients, respectively 
; <Pco2 - quanturn yield of C02 assimilation calculated as AJQr ; <PPsn - efficiency of 
excitation capture by PSII reaction centers, i.e. derived from modulated chlorophyll 
florescence as [(F'm-F,)/F'mJ ; <j) 0psn - efficiency of excitation capture by open PSII 
reaction centers. 
2.1. Introduetion 
In the past two decades, several dynamic models for monitoring as well as for short or 
long term greenhouse erop growth predictions have been developed (review by 
Longoenesse et al., 1993). Monitoring relates with diagnostic purposes whereas short 
and long term predictions can be connected with tactical and strategical decision 
making, notably about daily elimate setpoints and whole season growing strategies. The 
conceming models arebasedon the sealing of C02 assimilation of individualleaves to 
whole plant growth Of to erop yield. The (gross) leaf co2 assimilation rate (A(g)) of 
individual leaves is described in the photosynthesis submodel as a function of 
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envirorunental variables, such as light, co2 and temperature. 
Nevertheless, it should be recognized that responses of leaf C02 assimilation to 
envirorunental variables are not ubiquitous. They are inter alia dependent upon the 
species, the crop's physiological state and its developmental stage. Moreover, the 
responses are likely to change throughout the growth season, this because of acclimation 
to changing envirorunental conditions. Weil documented, in this regard, are acclimatory 
responses of C02 assimilation to increasing C02 (review by Sage, 1994) and to 
changing light enviroriments (review by Sage and Reid, 1994). Clearly, to make a erop 
growth model successful in a specific application, its parameters in general and the 
parameters of the photosynthesis submodel in particular, should bc properly identified 
for the prevailing conditions and, if necessary, the parameter estimates should be 
adapted throughout the growth period. Hence, the applicability of plant growth 
monitoring or forecasting models depends upon the ability to identify the model 
parameters "in real world" conditions, that is to say for the prevailing species, the crop~s 
physiological state and for its growth or developmental stage, and this at a reasanabie 
cost of manipulative action and time. A high priority issue, in this regard, is how to 
provide the data of leaf co2 assimilation being required to identify the parameters of 
the photosynthesis submodeL 
It should be acknowledged that to obtain a representative image of the canopy 
photosynthetic activity, measurements of C02 assimilation should be repeated on leaves 
from its different layers (Acock et al., 1978 ; Longuenesse et al., 1993). Gas exchange 
measurements would be less suitable in this regard in that they are rather time 
consuming. Moreover, instrumentation for gas exchange is not always that portable as 
it is sometimes pretended to be. Owing to leaf enclosure, sophisticated instrumentation 
would be required to adjust the leaf envirorunent to the ambient conditions. 
The photosystem II (PSII) pulse amplitude modulated (PAM) chlorophyl l fluorescence 
technique offers an alternative. It can be fully relied upon to measure the efficiency of 
excitation capture by PSII reaction centers ( <f>p511) in illuminated, intact leaves (Genty 
et al., 1989). The chlorophyll fluorescence measurements are taken in their natura! 
envirorunent. Moreover, a single <f>p511 determination takes only a few seconds. In this 
respect, a representative image of <f>Psn can be provided within a time span of only a 
few minutes. Hand held modulated fluorometers are commercially available. Hence, the 
advantages of using the chlorophyll fluorescence technique for providing the 
observations being required to calibrate the photosynthesis submodel for the prevailing 
conditions, are considerable. 
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Nevertheless. the applicability of the chlorophyll fluorescence technique is limited by 
the possibility to link <Prsn to quantmn yield of C02 assimilation (lPc02). It has been 
shown by Seaton and Walker (1990) and by Öquist and Chow (1992) as well that for 
nonphotorespiratory conditions, <Prsn and <Pcoz could be connected by a curvilinear 
regression curve. Most in1portant is that a single curve seemed to be applicable to many 
disparate species. However, under natura! or photorespiratory condi ti ons, the relationship 
between <Prsn and <Pcoz would be obscured, in particular in c3 plants, because the 
partitioning of products of linear electron transport between the reactions of the 
photosynthetic carbon reduction (PCR) and meidation (PCO) cycles, changes 
substantially with environmental conditions. Hence, an additional model, either 
empirica! or mechanistic, would be required to describe the relationship between <Prsn 
and <Pco2 as a function of environmental conditions. We arenotaware of any study in 
which the issue of the suitability of <Prsn observations for predicting <Pc02 , and 
accordingly for predicting plant growth, has been addressed. 
In the present paper, we report an experiment designed with Ficus benjamina to explore 
the utility of the chlorophy 11 fluorescence technique for providing the detailed image of 
leaf photosynthetic properties, being required to calibrate the photosynthesis submode I, 
and hence, to evaluate the utility of the chlorophyll fluorescence technique in routine 
plant growth monitoring or forecasting. First, simultaneous chlorophyll fluorescence and 
gas exchange measurements were carried out in a Iabaratory study under a wide range 
of environmental conditions. The concerning measurements were used then to establish 
empirica! relationships descrihing the ratio of <Pcoz to <Prsn as a function of 
environmental variables. Next, a greenhouse growth experiment, consisting of two C02 
treatrnents, was conducted. During this experiment, chlorophyll fluorescence 
measurements were carried out at regular time intervals. The <Prsn observations, being 
obtained from the analysis of these measurements, were converted to <P coz by means of 
the empirica! equations. The <Pcoz values in turn afforded to identify the parameters of 
the photosynthesis submodeL It was evidenced that the detailed image of photosynthetic 
properties of indi vidua lleaves , as obtained from chlorophyll fluorescence measurements , 
afforded to reconstruct a representative photosynthetic light response curve. When this 
curve was included then in a simple physiological growth model, accurate plant growth 
predictions were obtained. 
2.2. Matcrials and methods 
2.2.1. Theory 
In this theoretica! section, we outlilled 1) how from the analysis of modulated 
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chlorophyll fluorescence measurements, <I>Psn could be assessed ; 2) how empirical 
equations were used to couvert <I>Psn to <l>coz (or to Ag) ; 3) how assessments of Ag were 
used in a sirnple physiological plant growth model to predict plant growth, i.e. leaf area 
expansion. 
Assessments of <!>PSu from modulated chlorophyll fluorescence measurements 
Genty et al. (1989) argued that <I>Psll is solely determined by the proportion of the PSII 
reaction centers that are oxidized or "open" tagether with the efficiency of excitation 
capture by open PSII reaction centers. Let F 0 , Fm and F, denote chlorophyll 
fluorescence intensities in light acclirnated leaves, each of which is measured with the 
same amount of nonphotochemical quenching. In particular, F 0 is the fluorescence 
intensity with all PSII reaction centers open, notably observed when the actinic light is 
switched off and far red light is applied during several secouds to oxidize the 
plastoquinone pool ; Fm is the fluorescence intensity with all PSII reaction centers 
closed, i.e. observed upon the application of a saturating light pulse and F, is the steady 
state fluorescence intensity, i.e. observed under the prevailing actinic light. The degree 
of PSII reaction center "openness" can be described by the photochemical queuehing 
parameter (qp), which is obtained from fluorescence analysis as [(Fm-F,)/CF'm- F 0 )] 
( Schreiher and Bilger, 1985). The efficiency of excitation capture by open PSII reaction 
centers (<j> 0 p511) can be obtained from fluorescence analysis as [(Fm-Fo)/ Fm] (Butler and 
Kirajirna, 1975). Accordingly, the proposal of Genty et al. (1989) yields the following 
expression for <l>ps11 : 
cp PS// = q P c/> 0 PS!! = (FI m - F,) f p i m (1) 
Clearly, a single <l>ps11 assessment would merely involve two chlorophyll fluorescence 
determinations. Most important is that the concerning determinations would not require 
darkening of the leaf. 
However, in case of partial conneetion between PSII units, the relationship between qp 
and the actual proportion of open PSII reaction centers would be nonlinear, with qp 
overestimating the actual proportion of open PSII reaction centers (Havaux et al., 1991). 
Anyhow, Havaux et al. (1991) evidenced that the nonlinearity would not detract in any 
way from the suitability of [(Fm-F,)/ Fm] as a measure of <I>Psn : in case of partial 
conneetion between PSII units, [(Fm-Fo)/ Fm] would underestirnate the efficiency of 
excitation capture by open PSII reaction centers, the underestimation offsetting in <I>Psll 
the overestirnation of the proportion of open reaction centers. 
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Conversion of <PPsu to <Pc02 under changing environmental conditions 
Observations of <Prsn have to be multiplied with a conversion factor in order to 
determine <Pc02 . The value to be used for this conversion factor is controversial. Before 
going more deeply into this matter, we would like to point out that in the present study, 
<Pc02 was derived as AJQr where Qr (j..LmoJ.m·2.s·1) is the photosynthetic photon flux 
(PPF) incident on the leaf. Let denote by "a" the light absorption coefficient of an 
individualleaf. The quanturn yield of C02 assimilation on an absorbed PPF basis could 
be obtained then as r<Pcmfa]. 
Now, with respect to the conversion factor, it should be noted that stoichiometrically, 
four electrons are required tomeet the consumption of NADPH in the reactions of the 
PCR cycle upon each carboxylation. Similarly, four electrons are required in the 
reactions of the PCO cycle upon each oxygenation. Hence, when 50% of the absorbed 
light energy were transferred to PSII reaction centers and in the absence of 
photorespiration, the [ <Pc02/(a<Prsu)] ratio would be maximally 0.125. Clearly, under 
photorespiratory conditions, the ratio would be lower. lt is, however, not resolved yet 
whether or not the transport of four electrons suffice to meet the A TP demand in the 
PCR and PCO cycles (Kobayashi et al., 1995). Moreover, it is still cantroversial 
whether any "extra" electron demand for ATP formation is satisfied either by cyclic 
electron flow around PSI (Heber et al., 1995) or by linear electron flow to 0 2 and H20 2 
in the Mehlcr peroxidase reaction sequence (Hormann et al., 1994). In the latter case 
and assuming again that 50% of the absorbed light energy were transferred to PSU 
reaction centers, [ <PcoJ(a<Prsu)] would be maximally 0.111, in nonphotorespiratory 
conditions, or lower, in photorespiratory conditions. Furthermore, PSU modulated 
chlorophyll fluorescence measurements cannot be relied upon to assess the distribution 
of light energy between PSI and PSII reaction centers. Note that any change in the 
energy distribution between both photosystems affects the [ <PcoJ(a<Prsu)] ratio. Finally, 
when attempting to assess <Pc02 from <Prslh it should be recognized that the excitation 
energy that is channeled in the electron transport chain is not exclusively utilized within 
the PCR and PCO cycles. Nitrogen metabolism as well as the Mehler peroxidase 
reaction sequence consume reducing equivalents (Edwards and Baker, 1993 ; Hormann 
et al., 1994), leading toa decline in the [<PcoJ(a<Prsu)] ratio. 
It suffices to say that the control of the light energy partitioning between PSI and PSU 
reaction centers as well as that of the partitioning of products of linear electron flow 
between the distinct electron sinks are still insufficiently understood to be modelled in 
an environmental context. Hence consiclering the many uncertainties, the use of an 
empirica! approach for converting <Prsn to <Pc02 was highly recommendable. Preliminary 
analysis revealed that the dimensionless [8<Pc02/(a <Prs11)] ratio could be described as a 
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linearly decreasing function of Qr : 
(2) 
The intercept and the slope of the line were approximated as fW1ctions of the ambient 
C02 mole fraction (c. ; ~mol.moJ·' ), namely f1(c.) and f2(c.) . 
Equation (2) was then applied to independent measurements of <Prs11 , yielding as such 
assessments of <Pcoz· The latter in turn were multiplied with Qr, giving estimates of Ag. 
Predictions of plant growth from A8 assessments 
Assessments of Ag, being derived from chlorophyll fluorescence analysis, afforded to 
identify the parameters of the photosynthetic light response curve. The light response 
curve was included then in a simple plant growth model, which in turn was applied to 
preeliet day by day plant leaf area expansion. The model was based on the integration 
of Ag inspace and time. The daily gross canopy C02 uptake, being obtained from this 
integration, was corrected for respiratory C02 losses and converted to daily whole plant 
dry mass gain (L\ W J. Finally, an empirica! relationship was applied to convert L\ W, to 
daily plant leaf area expansion (L\L.). 
The leaf Ag vs. Qr response was described by a rectangular hyperbalie equation : 
(3) 
where a (mol.moJ·') is the initia! slope of the Ag vs. Qr response curve and is a measure 
of <Pcoz for Qr ~ 0. The parameter Amax (~motm·2 .s - 1 ) is the asymptotic value of Ag, 
namely the value obtained for Or reaching infinity. The paran1eters' numerical value 
depends in part on the light environment experienced by the leaf during growth (Acock 
et aL, 1978), implying that the parameters should be described as fW1ctions of the leaf 
area index above the leaf of interest Nevertheless , in this preliminary stage, we opted 
in favour of a lumped approach, with the values of a and Amax being the same for the 
clistinct leaves of the canopy. 
The PPF, incident on a leaf within the canopy, was approximated by an exponential 
equation (adapted from Saeki, 1960) : 
(4) 
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where K is thc canopy extinction coefficient, I is the cumulative leaf area index 
indicating the leaf area index above the leaf of interest, Q0 (IJ.moi.m-2.s-1) is the PPF in 
a horizontally plane at t11e top of the canopy and p and 1: denote the leaf light reflection 
and transmission coefficients, respectively. K depends on the leaf transmission 
characteristics and the leaf architecture. The equation has been modified by a factor 
(1 + p ). By doing sa, Eq. ( 4) yields a value that is slightly higher than the incident PPF. 
The correction factor was used to account for the light scattered by lower leaves. Note 
that witllln a canopy, light scattered by leaves from a specific leaf layer is reabsorbed 
in part by leaves from the upper layers. We recognize nevertheless that the correction 
factor is only an approximate one. The value of K was derived from the PPF in a 
horizontal plane above (Q0 ) and below (Qb) the canopy and the totalleaf area index (L) 
as [ln(Q0/Qb)]/L. Substitution of the expression for Qr in Eq. (3) and subsequent 
analytica! integration of Ag over the depth of the canopy yielded the canopy gross C02 
assimilation rate, expressed per unit ground area (A.g; 1J.moi.m-2.s-1) (Acock et al., 
1978), as : 
4A' = Amax ln[ aK(l+p)Qo+( l-'T")Amax] 
g K aK(l+p)Qoe -KL + (1 - -r)Amax 
(5) 
It is convenient to relate the rnainterrance requirement to the whole plant dry mass W, 
(g), yielding the following expression for the rate of rnainterrance respiration per unit 
of ground area (R. M.c ; IJ.moi.m-2.s-1) : 
(6) 
where 0.44 is a conversion factor for g dry mass.day-1 to IJ.mol C02.s- 1 for a plant 
composed of "average plant material" (Thornley and Johnson, 1990, pp. 352), d 
(plants.m.2) denotes the plant spacing density and me (day-1) is the rnainterrance 
respiration coefficient expressed on a carbon basis. The me coefficient depends on the 
turn over rate of proteins . It ranges from 0.008 day·1 to 0.018 day·1 for the temperature 
being 20° C (Jones, 1992 , pp. 202-203), approximately doubling for every 10 oe (Legg, 
1981). In ilie greenhouse experiment further discussed in tllls study, ilie temperature 
averaged 22 oe. Hence, a value of 0.015 day" 1 was retained for me. A similar value has 
been used in the study of Leutscher and Vogelezang (1990) with Schelflera arboricola. 
The daily whole plant dry mass increase (ll W, ; g.day-1) was computed ilien as : 
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6. ~ = 26.10 - 6 ~ Ya,cJ (A· g- R *M,c) dt 
Ól 
(7) 
where 26.10-6 is a conversion factor for j..lmol C02 to g plant dry mass, asswning again 
a plant composed of" average plant material" ; Y c,c (mol C in plant dry mass per mol 
C in glucose) is the growth yield coefficient indicating mol carbon added to new plant 
structure and long term storage per mol carbon in glucose used in growth processes. A 
fixed value of 0.84 was used for Y c,c- This is a typical value of a plant composed of 
"average plant material" that synthesizes its components from glucose as carbon souree 
and nitrate and ammonia as nitrogen sourees via least cost biosynthetic pathways -
(Thornley and Johnson, 1990, pp. 351-352). Eq. (7) calculates the daily whole plant dry 
mass gain, hence ó. t denotes one day. It is also clear from Eq. (7) that, if we use the 
terminology of Thornley and Johnson (1990, pp. 268), the basis of the maintenance 
respiration is in gross increments (i.e. Y c.c me yields then the maintenance respiration 
coefficient in net increments). 
Subsequently , ó. W, was added to the initia! W, of day k to yield the initia! W, of day 
k+ 1. lt should be noticed that the leaf area of an inclividual plant (L. ; cm2) had to be 
known in Eq. (5) to compute A'g· Accordingly, daily W, assessment was converted to 
L. by means of an empirica! equation : 
L = !/_ + a1 W + a, W
2 
11 \J I _ I 
(8) 
where a0 , a 1 and a2 are coefficients obtained from regression analysis of L, on W ,. 
The procedure was repeated day by day. L. was retained as output variable, as it 
determines in part the omamental value. Hourly records of Q0 were used as input to the 
model, in particular in Eq (5). 
2.2.2. Data sourees 
Calibration of the <Pco2 vs. <PPsu relationship 
First, a laboratory study was conducted with F. benjamina at the Plant Ecology 
Laboratory (Ghent University) in order to establish the empirica! equation relating <Pcoz 
to <PPsu (notably Eq. 2). Four plants, that had been grown in a greenhouse of the 
Research and Experimental Center of Omamental Plants (PCS, Destelbergen, Belgiwn) 
at an average c. of 600 j..lmol.mol·', were selected. The plant leaf area of the test plants 
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averaged 1200 cm2 . 
Simultaneous gas exchange and chlorophyll fluorescence measurements were repeated 
in each plant on three leaves, selected from the lower, middle and upper part of the 
plant. A first series of measurements was conducted at a c, of 400 IJ.mol.mol-1, a 
temperature of 22oC and a water vapour density of 13.6 g.m-3 • In the second series of 
measurements, c, was controlled to 950 1J.mol.mol·1• In each series of measurements and 
for each leaf, the PPF was decreased in different steps from 350 IJ.moi.m·2.s·1 to 10 
IJ.moJ.m·2.s·1• Gas exchange was measured with a portable photosynthesis system, i.e. 
a compact C02/HP porometer (type CQP-130, Walz, Germany) which was connected 
to a differential C02 infrared gas analyzer (Binos 100-4P, Rosemount, Germany) and 
toa temperature controlled leaf cuvette (type PMK-10, Walz). The water vapour density 
and the C02 mole fraction of the incoming air and the PPF at the leaf surface could be 
adjusted as described by Lootens (1995, pp.19-24). Actinic light was provided to the 
adaxial leaf surface. Chlorophyll fluorescence was measured with a PAM fluorometer 
(type PAM-2000, Walz). The fiberopties of the PAM was inserted into the leaf cuvette 
at a 60° angle, pointing to the adaxial leaf surface. 
Following each determination of A and of <!>Psn' the leaf was darkened for 20 minutes 
to measure the rate of respiratory co2 release by leaves from processes other than 
photorespiration (Rct ; 1J.mol.m-2.s-1). Note that Ag was computed then as A+Rct. It should 
be acknowledged that mitochondria! respiratory activity might be inhibited in the light 
(Kok, 1948 ; Brooks and Farquhar, 1985). In this regard, Rct as wel! as Ag might have 
been slightly overestimated. Nevertheless, we found that Rct was about 5% of the A 
value observed at a PPF of 175 IJ.moi.m·2 _s-1 Hence, it is unlikely that bias in Rct would 
have affected the Ag assessments and as the growth predictions significantly. 
Greenhouse growth experiment 
F. benjamina plants were grown in eight camparabie greenhouse compartrnents of the 
PCS. The growth experiment was part of a research program, in which the effects of 
different C02 treatments on growth and development, were studied. In short, F. 
benjamina stem cuttings with four leaves were potted up with two in 13 cm diameter 
pots. The pots were spaeed at a density of 22.5 pots per square meter .. (302 pots per 
compartment). Plants were grown from autumn to spring, notably from week 45, 1993 
till week 16, 1994. Two C02 treatrnents were applied : in four compartments, the 
diurna) ambient CQ2 molc fraction averaged 635 IJ.mOl.mo[·l, whereas in the remaining 
four compartrnents, it averaged 820 1J.mol.moi·1• Ventilation, heating, shading and 
supply of water, nutrients and C02, were controlled by a elimate computer (Mereg, 
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Belgium) as described by Beel et al. (1996). 
Shortwave irradiance was measured in four compartments (two compartments of each 
C02 treatment). In each of these compartments, two tube solarimeters (type ISL, Delta-
I, UK) were mounted horizontal at canopy height, one solarimeter was mounted 
horizontal at pot height. Simultaneous measurements of shortwave irradiance, with a 
tube solarimeter, and PPF, with a quanturn sensor (type SKP 215, Skye instruments, 
UK), revealed that the conversion factor forshortwave irradiance to PPF, averaged 2.3 
11mol.l 1• Hourly averages of shortwave irradiance were recorded with a datalogger 
(type DL2, Delta-I, UK) and further multiplied with 2.3 to give hourly PPF values. Ihe 
analysis of the hourly PPF records leamed that the daily maximum PPF at canopy 
height varied from 65 llmol.m·2.s·1 (i.e. in December) to 285 11mol.m·2.s·1 (i.e. in April). 
Every two weeks, notably from week 48, 1993 until week 16, 1994, destructive plant 
leaf area measurements were carried out with a leaf area meter (type Li-Cor 3000, Li-
Cor, USA). Each time, 5 plants were harvested from each compartment. In addition, dry 
mass of leaves, sterns and roots were determined. Harvested plants were replaced by 
spare ones. Ihe latter were not selected for destructive measurements. 
Chlorophyll fluorescence measurements were carried out in the various greenhouse 
compartments on four days, equally spread over the growth period. At each measuring 
occasion, <Prsu and Qr were determined with the PAM fluorometer in each leaf of 32 F. 
benjamina plants ; namely in four plants from each compartment. Simultaneously, c. 
was measured with a C02 IR gas analyser (type 7MB 1300 OBAOO, Siemens, 
Germany). 
2.3. Rcsults and discussion 
2.3.1. Calibration of the <Pcm vs. <Prsu relationship 
It is plainly visible from Fig. 1 that [8<Pco2/(a<Prsu)] was substantially higher for c. being 
950 llmol.mol·1 than for c. being 400 llmol.mol·1, regardless of Qr· Ihis observation 
could be understood from the interaction that : 1) an increase in c. enhances the 
carboxylation of ribulose-1,5-bisphosphate (RuBP) and suppresses its oxygenation; 2) 
an enhancement of RuBP carboxylation leads to an increase in <Prsu, yet its effect is 
counteracted in part in <Prsu by the effect of the concurrent suppression of RuBP 
oxygenation ; 3) an enhancement in RuBP carboxy lation as well as a suppression of 
RuBP oxygenation lead to an increase in <Pco2. Actually, the ratio of the rate of RuBP 
carboxylation to that of RuBP oxygenation is directly proportional to the C02 mole 
54 
fraction at the sites of carboxylation (c,) (Laing et al., 1974), which can be 
approxirnated by the intercellular co2 mole fraction (c;). 
The linearly decreasing pattem in [8<!>co:J(a <l>rsn)l with increasing Qr could be 
connected in part to a decrease in the ratio of the rate of RuBP carboxylation to that of 
RuBP oxygenation. Further analysis of the gas exchange observations revealed that C; 
decreased slightly with increasing PPF (data not shown). The decline in C; with 
increasing Qr elicited that diffusion of co2 through the stomata would have been 
favoured less by an increase in Qr than C02 assirnilation would have been. The steeper 
decrease in the [8<!> co:J(a<!>rsn)l vs. Qr response at a c. of 400 ~mol.moi· ' than at 950 
~mol.moi· ' could be ascribed to the higher co2 sensitivity of co2 assirnilation at low 
c. than at high c •. 
Moreover, the decrease in [8<!>co:JCa<!>rsn)l with increasing Qr might have reflected an 
enhanced allocation of reducing equivalents to alternative pathways. Alternative 
pathways, in particular the Mehler peroxidase reaction sequence and the reduction of 
oxaloacetate, come indeed into play when formation of ATP and NADPH are in excess 
of their requirements in the reactions of the PCR and PCO cycles, being the case for 
instanee at high Q .. and low c; (Stuhlfauth, et al., 1990 ; Scheuermann et al., 1991 ; 
Backhausen et al. , 1994). 
Finally, the variation in [8<J>c02 /(a<!>rsn)l with changing Qr or c. might have reflected 
changes in light energy distribution between PSI and PSU reaction centers as well 
(review by Briantais et al. , 1986). Without any further measurements, this possibility 
remained clearly speculative. 
Linear interpolation yielded the following expressions for f1 ( c.) and fz{ c.) : 
· f1(c.)= 0.73+ 1.4S 10"' (c.-400) and f2(c.)= 7.4 10"4 - 4.S4 10"7 (c.-400). 
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FIG. 1 The [8rPco/(arjJp511)} ratio vs. the phorosymhetic photon flux (PPF) 
incident on the leaf (Q1) for two ambienr C02 mole fractions (ca). 
[BrPco/(ar/Jps11)} was derived from simulraneous gas exchange and 
modulated chlorophyll fluorescence measuremenrs in F. benjamina 
(see materials and methods) ; rPcm denales the quamum yield of co2 
assimilation, i.e. computed as the ratio ofthe gross co2 assimilation 
rate to Q1 ; r/Jpsu denotes the quantum efficiency of excitation capture 
by PSII reaction centers and was derived from chlorophyll 
fluorescence (Genty et al., 1989) ; a denores the leaf light absorption 
coefficient. Closed symbols and unbroken line: ca = 400 p.mol.mot1 
; open symbols and braken line : ca = 950 p.mol.mot1. Unbroken 
line : [8r/Jc0 / (ar/Jps11)}=0. 73-7.4 J0-4 Q1 (R 2 =0. 75) ; broken line : {8r/J c0 /(ar/Jp511)}=0.81-4.9 1(}4 Q1 (R 2 =0. 78) . 
2.3.2. The utility of chlorophyll fluorescence measm·ements in predicting plant 
growth 
Before examining the utility of chlorophyll fluorescence based <Pco2 assessments for 
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calibrating the photosynthesis submodel and hence, for predicting plant growth, we 
scrutinized the validatien data, notably the leaf area measurements from both C02 
treatments. The discrepancy, or agreement, between the treatments' observations was 
interpreted then in terms of the processes underlying plant growth, namely light 
interception by the canopy, leaf co2 assimilation, assimilate partitioning to the various 
plant components, C02 release by maintenance respiration and conversion of assimilate 
to plant dry matter. The parameters of each of these constituent processes were derived 
from independent investigation methods. Accordingly, by relying upon the parameter 
estimates, it could be advanced, without appealing to model predictions, whether or not 
any disparity in the treatments' estimates of ex and Amax would have been consistent with 
the leaf area observations. 
Next, the parameter estimates were used in the plant growth model. Inputs to the model 
were the hourly records of PPF at the top of the canopy and the initialleaf area, being 
150 cm2 . Daily predictions of L. of both C02 treatments were compared against the 
respective measurements. 
Leaf area expansion in F. benjamina 
Leaf area expansion vs. PPF integral has been depicted in Fig. 2. Apparently, in winter, 
leaf area expansion was not favoured significantly by co2 emichment from 635 
1J.mol.mol·1 to 820 IJ.mol.mol·1• This is not surprising as Anderssen (1990) found already 
that dry mass gain was even low?r when F. benjamina was grown at a c. of 900 
j..lmol.mol·1 than when grown at a c. of 600 j.!mol.moi·1• 
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FIG.2 Plant leaf area of F. benjamina vs. the PPF integral, the latter 
measured in a horizontal plane at the top of the canopy, for an 
ambient C02 mole fraction of 635 Jlmol. mot' (jïlled symbols and 
unbroken line) and 820 Jlmol.mot' (open symbols and braken line) . 
Each symbol represents the average leaf area of 20 plants. 
Nevertheless, the similarity in leaf area expànsion did not necessarily imply that light 
responses would have been similar, unless it could be shown that the other constituent 
processes were unaffected by the co2 treatment as wel!. 
Respiration, light interception and plant morphology 
The parameter values for me and Y c,c were taken from literature. The same values were 
used for both C02 treatrnents. However, knowing that C02 enrichrnent enhances starch 
formation and that the Y c,c of starch formation is as high as 0.95, it could be surmised 
that Y c,c would have been higher in plants grown at a c. of 820 IJ.mol.mol· ' than in 
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those grown at 635 f.Lmol.mol-1. To assess the effect of co2 enrichment on y G,C> we 
considered again a plant composed of "average plant material". In such a plant, the 
starch content averages 14% (weightfweight)(Thornley and Jolmson, I990 , pp. 352). 
Chen et al. (1993) showed that co2 enrichment from ambient to 700 flillOLmol ·'' 
resulted in a doubling of the leaf starch content. Doubling in starch content would have 
led to an increase in Y G,c from 0.84 to 0.86 (2%). The actual increase in Y G,c would 
have been only I % if starch accumulation had been restricted to the leaves (in F. 
benjamina, leaf dry mass is about 50% of the whole plant dry mass). Hence, it is 
unlikely that t_4e enhancement in starch formation resulting from co2 enrichment would 
have had a significant effect on Y G,c· 
Hourly values of K, computed from hourly PPF records above and below the canopy, 
averaged 0.74 (SE=0.4) and 0.64 (SE=0.3) for the first and secoud half of the growth 
period, respectively and for c. being 635 f!mol.mol·'. Note that the flrst half refers to 
that part of the growth period during which plants were not tied up. For the plants 
grown at 820 f!mol.mol·', the respective K values were 0.77 (SE=0.6) and 0.60 
(SE=0.5). Clearly, K was unaffected by the C02 treatment, or in other words, light 
interception was unaffected. 
The dependenee of L. on W, is shown in Fig. 3. The nonlinear shape of the curves 
showed that with plant aging, the relative partition of the plant's resources devoted 
toward the expansion of light interception capacity decreased. However, the partitioning 
was relatively unaffected by the C02 treatrnent. Consequently, and assuming that the 
construction costs (I/Y G,c) were sirnilar in both treatments, the similarity in dry matter 
partitioning revealed that the cost of producing a unit of leaf area in terms of the 
amount of assimilates (glucose) invested in whole plant dry mass gain per unit of leaf 
area formation, would have been very sirnilar for both treatments. Hence, from a casual 
view of the above points that in both C02 treatrnents I) leaf area expansion was sirnilar 
(Fig. 2), 2) light interception capacity (i.e. K) was sirnilar and 3) the cost of producing 
a unit of leaf area was sirnilar (Fig. 3), we could have advanced that in both C02 
treatrnents , leaf photosynthetic capacity in terms of assimilate produced per unit of leaf 
area, would have been sirnilar as well. 
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Relationship between plant leaf area (La ; cm2) and plant 
dry mass 0Vr ; g) for F. benjamina grown at an ambient 
C02 mole jraction of 635 !J-mOl.moz-1 (jilled symbols ; 
unbroken line) and 820 f.J-mol .moz-1 (open symbols, broken 
line). Unbroken line : La = -22 .8 + 167W, - 2.83W,Z 
(R2 =0.98) and broken line: La = 3.26 + 149W, - 1.87W,Z 
(R2 =0.96). 
The photosynthetic light response as derived from chlorophyll fluorescence 
measurements 
Chlorophyll fluorescence measurements have been carried throughout the greenhouse 
growth experiment at four measuring occasions, providing as such per C02 treatment 
four data sets , consisting of Ag and Qr observations. Preliminary analysis revealed that 
the Ag vs. Qr responses from the distillet measuring occasions were very similar, 
allowing as such to amalgamate the observations. Moreover , the resulting Ag vs. Q r 
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responses from bath C02 treatments were very similar (Fig. 4) . The slight separation 
between bath response curves beyond a PPF of75 J..Lmoi.m·2.s-1, was not significant. The 
similarity in the Ag vs. Qr responses fitted in with the similarity found in the other 
parameters (notably, K and the parameters of the L, vs. W, relationship) on the one 
hand and in leaf area expansion on the other hand. It supported as such the adequacy 
of the chlorophyll fluorescence technique for providing Ag assessments . 
From a physiological point of view, the similarity of the Ag vs. Qr response curves 
connoted that beyond a c, of 635 J..Lmol.mot·1, co2 assimilation would have been limited 
by thylakoid dependent RuBP regeneration. Nevertheless, we hasten to add that even 
when thylakoid dependent processes exert control over co2 assimilation, the latter may 
still be enhanced by C02 enrichment, namely because of diversion of RuBP oxygenation 
to its carboxylation. It is only when RuBP oxygenation is fully suppressed or when C02 
assimilation is limited by the availability of inorganic phospha te, the latter occurring 
only at high Qf and c., that co2 assimilation becomes insensitive to co2 enrichment 
(review by Sage and Reid, 1994). Accordingl y, the similarity of the Ag vs. Qr responses 
could be interpreted as indicating that RuBP oxygenation would have been fully 
suppressed. Altematively, it could have been indicative of acclimation to long term C02 
enrichment. In plants grown at elevated C02 , modulations of the in vestment of resources 
within the photosynthetic apparatus may lead to an enhanced capacity to metabolize 
photosynthetic products and a reduced capacity to fix C02. Owing to such acclimatory 
responses , which are like ly to occur in plants grown in small pots (review by Sage, 
1994), a higher c, would have been required for each PPF to achieve a specific Ag. 
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FIG. 4 Response of gross C02 assimilation rate (Ag) to photosynthetic 
photonflux (PPF) incident on the leafin F.benjamina. Values of Ag 
were derivedfrom in situ (i .e. greenhouse) chlorophyllfluorescence 
measurements, notably by applying Eq . (1) and( 2). Responses we re 
measured at an ambient C02 mole fraction that averaged 635 
11-mol.mot1 (a) and 820 11-mol.mot1 (b) . in eachfigure : observations 
from 4 measuring occasions, each time from the various leaves of 16 
plants. Unbroken lines : reetangu/ar hyperbalie equations fitled to 
the observations ; broken fine in Fig. 4b : the curve fitled to the 
observations of Fig . 4a . 
The curves' initial slope, being an estimate of a, an10unted to 0.060 (SE=O.OOl) 
mol.mol·1 and 0.061 (SE=O.OOl) mol.mol·1, for c. being 635 1J.mol.mol·1 and 820 
IJ.mol.moi·I, respectively. Hence, when a had beenexpressedon an absorbed PPF basis 
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and knowing that on an average, 86 % of the PPF incident on a Jeaf was absorbed, 
irrespective of the co2 treatment, it would have equalled 0.070 and 0.071 mol.mo[·'. 
These quantLml yields were very similar to those obtained under nonphotorespiratory 
conclitions, notably for C3 species, by Ehleringer and Björkman (1977) , being on an 
average 0.073 mol.moi·' . The close agreement with the value typical for non-
photorespiratory conclitions connoted that RuBP oxygenation would have been largely 
suppressed. Conversely, provided that RuBP oxygenation had indeed been largely 
suppressed, which was most likely owing to the treatments' similar a values, it would 
have subscribed the reliability of the chlorophyll fluorescence based Ag assessments. 
The Amax estimates amounted to 27.0 (SE = 1.6) llmoi.m·2.s·' and 29.6 (SE= 1.9) 
f1moi.m·2 .s·' for c, being 635 and 820 llmol.mo[·', respectively. It should be noted that 
the experimental data shown in Fig. 4, were incompetent to furnish evidence of further 
trend of Ag beyond a PPF of 200 llmoJ.m·2.s·'. Hence, insteadof consiclering Am,., there 
was more value in consiclering the Ag preclictions fora PPF of 200 llmoJ.m·2.s·'. They 
amounted to 8.3 11mol.m·2.s·' and 8.6 llmoJ.m·2.s·', respectively. These values seemed 
to be acceptable in view of values obtained from gas exchange analysis, being for 
instanee 6.9 fJ.moJ.m·2 .s·' (Crul, 1994, pp. 21-22) and 6.4 llmoJ.m·2 .s·' (Heyvaert, 1994, 
pp. 64). The measurements of Cru! and Heyvaert were also performed at a PPF of 200 
11mol.m·2.s· ', yet the c, amounted to 365 llmol.mo[·'. The lower c, could have explained 
in part the clisparity with our Ag values. 
Finally, it should be noted that the Ag vs. Qr responses shown in Fig. 4 were 
reconstructed of measurements from different leaves, with each measurement carried 
out in the light environment experienced by the leaf : with increasing depth in the 
canopy, measurements were taken at lower PPFs. Consequently, the curve's initia! part 
would have mainly described the lower or shade leaves' response, whereas the second 
part would have essentially reflected the upper or sun leaves' response. Hence, the 
"compound" response would have implicitly accounted for the variation of the 
photosynthetic characteristics with depth through the canopy. It can be surmised that the 
actual Ag vs. Qr responses of individual leaves would have differed from the 
"compound" response either at low PPF, being presumably the case for the sun leaves, 
or at high PPF, being presumably the case for the shade leaves. Anyhow, such a 
"compound" response curve would be appropriate for sealing from single leaf to canopy 
assimilation as the initia! and asymptotic parts of the curve are especially used to 
provide the contributions to canopy assimilation of the lower and upper leaf layers, 
respec ti vel y. 
63 
Prediclions of L. 
Predicted L, agreed remarkably well with measurement (Fig. 5). On an average, 
preelietion resembied measurement within the 3.2 (SE= 0.6)% and 2.8 (SE = 0.4)% for 
c, being 635 and 820 IJ.mol.moi·1, respectively. Recalculations of L, for the treatment 
with c, being 635 1J.mol.moi·1, yet by applying a 10% increase in the numerical value 
of the es ti mate of o: (that is to say, by setting o: = 0.066 mol.moi-1 ) , yielded an average 
prediction error of 10.8%. Similar recalculations, though by applying a 10% decrease 
in the numerical value of the estimate of o: or by subsequently applying a 10% increase 
and decrease in Am,., yielded an average predierion error of 9.2%, 3.8% and 4.9%, 
respectively. Clearly, the precision of the predictions was highly sensitive to the o: 
parameter's numerical value. This is not surprising as during the concerning greenhouse 
growth experiment, leaves were mainly photosynthesizing at low PPF. Bertin and 
Heuvelink (1993) reported also that calculations of canopy assimilation in greenhouse 
crops were most sensitive to o:. Most important is that any deviation in the parameters' 
numerical value from the values obtained by chlorophyll fluorescence analysis, led 
systematically to a higher prediction error. Accordingly, it could be stated that the o: 
and Amax estimates would not have been far away from their true values, provided of 
course that the estimates of K, me and Y o.c were unbiased. 
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FIG. 5 Measured and predieled leaf area expansion vs. photosynthetic 
photon flux (PPF) int eg ral, the latter obtained from measurements 
at the top of the canopy, for Fbenjamina grown at an ambient C02 
mole fraction of 635 p.mol.mot1 (a) and 820 p.mol.mot1 (b). 
Unbroken lines : leaf area expansion prediered according to plant 
growth model. The model was tuned to "real world" conditions by 
using chlorophyll fluorescence measurements ; dotted lines : 
measured leaf area expansion (i.e. derived from the curves fitted to 
leaf area observations, Fig. 2). 
2.4. Conclusions 
In the present study with F. benjamina, we used the PAM chlorophyll fluorescence 
technique for calibrating the growth model's light response curve. By doing so, 
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exceptionally good predictions of leaf area expansion could be obtained : leaf area 
expansion of both C02 treatments was predicted within the 5% range. The observations 
of Ag and Qr obtained at different growth stages could be accommodated by a single 
curve. In other words, the photosynthetic light response was not substantially altered 
throughout the growth period, the practical implication of which is that when 
determined in the beginning of the growth period, the estimates of a and Amax could be 
relied upon to forecast leaf area expansion throughout the remaining part of the growth 
period. Such forecasting possibi lities offer a basis for economie evaluation and 
optirnization of the actual plant growth process. Nevertheless, it would be to 
presumptuous to generalize this conclusion. It can be argued for instanee that the Amax 
parameter would presumably have been nonstationary if the light regime had changed 
substantially throughout the growth period. But even then, because of the requirement 
todetermine rates of C02 assirnilation more frequently for identifying the time trend in 
Amaxo there would have been value in employing the chlorophyll fluorescence technique. 
Nonetheless, an initia! approach was presented in which the conversion of chlorophyll 
fluorescence based <Prsn estimates to <P coz has been performed by means of an empirica! 
equation (Eq. 2). We showed in this regard that the [8<Pco:Ja<j)p511] ratio could be 
described by a linearly decreasing function of Qr, the Jine's slope and intercept being 
functions of c. (Fig. 1). We recognize that the provided relationships are unlikely to be 
ubiquitous. The partitioning of ATP and NADPH between the reactions of the PCR and 
PCO cycles and hence, the [8<Pc02/a<Prsu1 ratio, are affected by the specificity of rubisco 
for co2 VS. Üz as well as by c., which can be approxirnated by C;. The specificity of 
rubisco for co2 VS. 02 is influenced by temperature (review by Woodrow and Berry, 
1988). The relationship between c; and c. depends upon the stomatal conductance and 
the rate of C02 assimilation. In this regard, it could be advanced that changes in 
stomatal conductance being mediated for instanee by water stress would affect C; and 
therefore also the [8<Pco:Ja<Prsn1 ratio. Clearly, an empirica! equation that merely 
describes the responses of [8<Pco2/a<Prsn1 to Qr and c. would fail to preeliet <Pcoz 
accurately if temperature changed, for instance, or if water stress developed, unless it 
would be recalibrated. Fortuitously, if we think in terms of applications, water stress 
induced changes in stomatal conductance are often accompanied by modulations in the 
capacity of the mesophyll to fix C02 , leading as such to only marginal changes in C; 
(Farquhar and Sharkey, 1982 ; Jones, 1985). Hence, under natura! conditions, the 
relationship between c; and c. might be less variabie than could be surmised at first 
sight. Moreover, it should be noted that the use of C; instead of c. in the empirica! 
equation for converting <Prsn to <Pcoz would require additional information with respect 
to stomatal conductance. 
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Anyhow, a sound introduetion of the various responses in the description of 
[8<Pc0 :Ja<PrsnJ could hè achieved by means of a more meehamstic approach. Such a 
mechanistic approach has been presented in chapters lil and IV. First, a more detailed 
analysis of the rdationship between <Prsn and <Pco2 has been made (chapter III). Next, 
we assessed the validity of employing a mechanistic approach to predict <Pc02 from <Prsn• 
notably an approach that has been based on the description of the partitioning of 
NADPH and ATP between the PCR and PCO cycle reacrions (chapter IV) . 
Chlorophyll fluorescence measurements were carried out in leaves from different layers 
of the canopy. In genera!, measurements in the lower leaves were taken at low PPF, 
those intheupper leaves at relatively high PPF. We argued that the light response curve 
being adjusted to the overall dataset, i.e. which consisted of the Ag and corresponding 
Qr observations from the various leaves, was suitable for upscaling from leaf to canopy 
because the curve's initia! part would have described the lower or shade leaves' 
response, whereas its asymptotic part would have represented the upper or sun leaves' 
response. Nevertheless, this statement has to be nuanced. Shade leaves differ from sun 
leaves in that the former have a lower leaf mass and a lower amount of Calvin cycle 
enzymes and electron transport carriers on a per unit area basis as well as a lower 
stomatal conductance (Sirns and Pearcy, 1994). Consequently , when expressedon a unit 
of leaf area basis, shade leaves have a lower photosynthetic capacity as wellas a lower 
respiratory capacity than sun leaves (Acock et al., 1978 ; Sirns et al., 1994). Differences 
in photosynthetic capacity relate with differences in Ag, whereas differences in 
respiratory capacity relate with differences in Rct . In the model of the present study, 
respiration was calculated on a dry mass basis instead of on an area basis (Eq. (6)). 
Accordingly, differences between sun and shade leaves had to be accounted for when 
calculating Ag. lt should be recognized in this regard that the chlorophyll fluorescence 
technique merely allows to assess <Prsn• whereas differences in Ag between shade and 
sun leaves can be due to differences in <P rsn as well as to differences in light absorption 
(a). Another thing is that any effect resulting from the difference in chloroplast 
populations being measured by chlorophyll fluorescence and gas exchange, would be 
less pronounced in shade leaves, as they are thinner. Consequently, a sound introduetion 
of the distinct photosynthetic properties of shade and light leaves in the light response 
curve could have been achieved by using for both leaf types distinct light absorption 
coefficients (a) as well as distinct calibration curves for the conversion of <Prsn to Ag. 
Anyhow, because of the good performance of the model as shown in the current case 
study, such improvements do notseem to be of high priority . 
Finally, it should be emphasized that the utility of the chlorophyll fluorescence 
technique in plant growth monitoring or forecasting activities is restricted to the 
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identification of these parameters descrihing leaf photosyn thetic characteristics. We 
argued that leaf photosynthe tic characteristics change with environmental condi ti ons. In 
this respect, proper calibration of the photosynthesis submodel should substantially 
in1prove the model's performance. Nevertheless, we recognize that acclimation involves 
changes in dry matter partitioning as wel!. It has been evidenced by Sims et al. ( 1994) 
and by Sims and Pearcy (1994) that changes in dry matter partitioning may be of 
similar significanee to the resulting growth rates than those in photosynthetic 
characteristics. Hence, an adequate description of the photosynthe tic submodel has to 
be supplemented with an adequate description of dry matter partitioning. 
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CHLOROPHYLL FLUORESCENCE AS A MEASURE OF C02 
ASSIMILATION: I. C02 ASSIMILATION AND CHLOROPHYLL 
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STATE 
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Abstract 
In the present study, the relation between the rate of C02 assimilation (A) and the 
rate of linear electron flow (JJ, as derived from photosystem 11 (PSII) pulse 
amplitude modulated (PAM) chlorophyll fluorescencc analysis, bas been 
investigated onder photorespiratory conditions. In this preliminary stage, J, was 
computed as the product of [(F'm-FJ/F'm1 (Genty et al., 1989), the photosynthetic 
pboton flux (PPF) absorbed by the leaf and a constant that described the 
photosystem 11 (PSII) absorption cross section. The analysis bas been performed 
in two foliage pot plant species and for distinct conditions with respect to the leaf 
metabolic state, namely conditions in which control over C01 assimilation would 
have been exerted either by the capacity of ribulose-1,5-bisphosphate (RuBP) 
carboxylase/oxygenase (rubisco) to fix RuBP, or by the capacity for RuBP 
regeneration or by the capacity for orthophosphate (P1) regeneration. Furthcrmore, 
we verificd whether the relationship between J, and A was affccted by an 
impairment in the capacity of each of these limiting componcnts. 
From the analysis of the A vs. Pc response curves (Pc being the partial pressure of 
col in equilibrium with its dissolved concentrations in the chloroplast), it could 
be surmised that the various limitations would have been provided by changing Pc· 
In addition, we evidenced that the capacity of each of the limiting components was 
impaired by water stress induction. It was shown then that the chlorophyll 
fluorescence based assessments of J , showed responses to Pc that could have been 
expected to occur in view of the prevailing mechanisms involved in the control 
over C01 assimilation. It was demonstrated in this regards that a decline in Pc 
when col assimilation would have been limited by the capacity of rubisco to fix 
RuBP as well as an increase in Pc when C01 assimilation would have been limited 
by the capacity for P1 regeneration, were accompanied by a decline in J,. These 
responses were interpreted as adjustments of the capacity of electron flow to the 
capacity of rubisco for carbon fixation on the one hand and to the capacity of 
starch and sucrose synthesis on the other hand. In case of RuBP regeneration 
limited C01 assimilation, J, was unaffected by changes in Pc· Clearly, onder these 
conditions, electron flow could not be increased forther without increasing the 
PPF. 
Nonetheless, there were observations in which the relationship between J, and A 
was less straightforward and that were germane of either uncoupling of carbon 
metabolism and linear electron flow or of any inconsistency in the assumptions 
underlying the calculations of J,. Most remarkably in this -respect was that the 
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capaci ty of the constituent processes of col assimilation was substantially impaired 
upon water stress induction, whereas the capacity of linear electron flow remained 
relatively unaffected. 
Abbreviations : A - rate of C02 assimilation ; Amax - C02 saturated rate of C02 
assimilation ; F0 , Fm - chlorophyll fluorescence intensities in dark adapted leaves (i.e. 
while the photosynthetic membrane in the nonenergized state), subscripts o and m 
denote minimal (i.e. with all PSII reaction centers open) and maximal (with all PSII 
reaction centers closed) intensities, respectively ; F'0 , Fm and F, chlorophy 11 fluorescence 
intensities in light acclimated leaves (i.e. while the photosynthetic membrane in the 
energized state), subscripts o, m and s - denote minimal (i.e. with all PSII reaction 
centers open), maximal (with all PSII reaction centers closed) and steady state 
chlorophyll fluorescence intensities, respectively ; ge - carboxylation efficiency ; g, -
stomatal conductance ; J, - rate of linear electron flow derived from chlorophyll 
fluorescence ; LHCII - light harvesting chlorophyll a-b complex associated with PSII 
; Pc - partial pressure of C02 in equilibrium with its dissolved concentrations in the 
chloroplast; PAM- pulse amplitude modulated; PCO and PCR- photosynthetic carbon 
oxidation and reduction cycle, respectively ; P;- orthophospha te; PPF- photosynthetic 
photon flux ; PSI and PSU - photosysterns I and U ; QA - primary quinonic electron 
acceptor of PSU ; Q. - PPF absorbed by the leaf ; <IN and qp - nonphotochemical and 
photochemical quenching coefficients of chlorophyll fluorescence ; RuBP - ribulose-I ,5-
bisphosphate ; rubisco - RuBP carboxylasefoxygenase ; RWC - relative water content 
; t.pH - transthylakoid proton gradient ; r. - C02 photocompensation point ; <Pco2 -
quanturn yield of co2 assimilation ; <PPsi and <PPsn - photochemical efficiency of PSI and 
PSU respectively ; <j> 0psn- photochemical efficiency of open PSII reaction centers ; 'f m-
substrate mattic potential. 
3.1. Introduetion 
With the introduetion of new chlorophyll fluorescence techniques, i.e. the modulation 
technique (Ögren and Baker 1985 ; Schreiher et al. 1986) and the light doubling 
procedure (Bradbury and Baker, 1981) and the subsequent saturation pulse method 
(Ögren and Baker 1985 ; Schreiher et al. 1986), the possibility arose to measure 
chlorophyll fluorescence in ambient daylight and to study the quenching mechanisms 
of chlorophyll fluorescence. The modulation technique allows to distinguish chlorophyll 
fluorescence caused by weak, modulated excitation light from that caused by the 
ambient daylight and, hence, to measure steady state chlorophyll fluorescence yield in 
ambient day light. The saturation pulse method allows to separate photochemical and 
nonphotochemical components of chlorophyll fluorescence quenching. 
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Until the development of these new chlorophyll fluorescence techniques, it was 
supposed that there existed an inverse relationship between photosystem II (PSII) 
chlorophyll fluorescence and C02 assimilation. However, with the use of the modulated 
chlorophyll fluorescence technique, it became apparent that the steady-state chlorophyll 
fluorescence yield remained remarkably constant over a wide range of environmental 
conditions in spite of considerable variation in the quanturn yield of co2 assimilation 
C<Pc02) (Havaux et al. , 1991). The "apparently" inconsistent relationshlp between the 
steady-state quanturn yield of chlorophyll fluorescence and that of co2 assimilation 
preelucled the further use of chlorophyll fluorescence for prediering co2 assimilation. 
A major understanding of the relationshlp between chlorophyll fluorescence and C02 
assimilation came from the analysis of modulated chlorophyll fluorescence signals 
during the application of saturating light pulses. The use of the pulse amplitude 
modulated (PAM) chlorophyll fluorescence technique, whlch combines the modulation 
and saturation techniques, revealed that in PSII, photochemical and nonradiative, 
nonphotochemical mechanisms compete with chlorophyll fluorescence in deactivating 
excited chlorophyll a molecules. In other words, photochemical and nonphotochemical 
processes as well are involved in quenching of chlorophyll fluorescence, explaining the 
peculiar relationshlp between the yield of fluorescence and that of co2 assimilation. 
In particular, it has been shown that the following processes are in competition in de-
excitation of absorbed light energy in PSII (reviews by Briantais et al. 1986 and Krause 
and Weis , 1991) : 1) PSII photochemistry, i.e. charge separation and stabilization by the 
transfer of an electron to QA> the primary quinone electron acceptor of PSII ; 2) a 
variety of processes whlch are nonradiative and nonphotochemical ; 3) re-emission from 
the excited singlet state as chlorophy 11 fluorescence and, less common, re-emission from 
the excited triplet state as phosphorescence. Several forms of nonphotochemical 
quenching of chlorophyll fluorescence have been resolved (Demming and Winter 1988 
; Horton and Hague , 1988 ; Walters and Horton, 1991) : 1) hlgh-energy-state quenching 
; 2) quenching processes associated with photo-inhlbition ; 3) transfer of excitation 
energy from PSII to PSI by "spillover" and 4) phosphorylation of the PSII light 
harvesting complexes (LHCII) and the subsequent dissociation of the phosphorylated 
LHCII whlch may or may not be accompanied by energy transfer to PSI. At present, 
the exact nature and or sequences of the molecular events in vol ved in nonpho toehemkal 
quenching of chlorophyll fluorescence have not been fully resolved yet and related to 
thls , the issue whether nonphotochemical quenching resides at the level of the PSII 
reaction centers or withln the antenna system, is still under consideration (Walters and 
Horton, 1993 ; Briantais; 1994 ; Pfündel and Bilger, 1994). Anyhow, the distillet role 
of the nonpho tochemical quenchlng processes in regula ti on of photochemical efficiency 
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of PSII and, hence, in balancing the production and consumption of ATP and NADPH 
(i.e. through regulation of thermal energy dissipation) and in adjusting the balance 
between ATP and NADPH generation (i.e. through "spill-over" or (de)phosphorylation 
of LHCII), has been well documented in several papers (Horton et al. 1988 ; Krause et 
al. 1988 ; Sharkey et al. 1988 ; Schäfer and Björkman 1989 ; Weis and Lechtenberg, 
1989 ; Parurnenter et al., 1993). 
The enhanced insight into the contribution of various mechanisms in control of PSII 
photochemistry along with the commercial availability of modulated fluorometers, 
encouraged researchers intheir efforts to develop methods of chlorophyll fluorescence 
analysis for quantifying the efficiency of excitation capture by PSU reaction centers 
( <Pps11). The possibility to de termine <PPsn would afford to assess <Pcoz· When <Pco2 were 
multiplied then with the photosynthe tic photon flux (PPF) incident on the leaf, the rate 
of C02 assirnilation (A) would be obtained. Weis and Berry (1987) argued that <PPsn is 
determined solely by the product of the degree of PSII reaction center "openness" and 
the efficiency of excitation capture by open PSII reaction centers (<j)0psn) . They 
evidenced that PSII reaction center "openness" could bedescribed by the photochemical 
queuehing coefficient of chlorophyll fluorescence (qp) whereas <j) 0psn could bedescribed 
as a linearly decreasing function of the high-energy-state component of the 
nonphotochemical coefficient of chlorophyll fluorescence queuehing (CIN) . Note that the 
application of the concerning concept requires calibration in order to identify the 
parameters of the linear equation relating <j) 0psn to the high-energy-state component of 
'IN· Moreover, as it is based on measurements of qp and CIN, the use of the metbod 
involves leaf darkening. More recently, Genty et al. (1989) proposed a method of 
chlorophyll fluorescence analysis that affords full quantification of <PPsn· The method 
is basedon easily measured chlorophyl1 fluorescence parameters, namely which do not 
require darkening of the leaf. Genty et al. (1989) supported the contention of Weis and 
Berry (1987) that <PPsn would be determined by the product of the reaction center 
"openness" and <Po Psn· Yet, they argued that <Po rsn should be described as the ratio of the 
variabie chlorophyll fluorescence (Fm-Fo) to the maximum chlorophyl1 fluorescence, 
irnplying that <PPSII would be given then by [(Fm-Fs)/F'm], F'0 , Fm and F. being the 
minimal chlorophy 11 fluorescence intensity, notably observed upon darkening of the leaf 
and the application of far red light, the maximal chlorophyll fluorescence intensity, i.e. 
observed upon the application of a saturating light pulse, and the steady state 
chlorophyll fluorescence intensity, respectively, in an illuminated leaf. With the 
introduetion of the "Genty approach", it was expected that the possibility would have 
been at hand to rely full y upon chlorophy 11 fluorescence technique for predicting <PPsn 
and <Pco2 as well. 
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The proposal ofWeis and Berry (1987) has been applied successfully to assess rates of 
linear electron flow (JJ in intact leaves, notably in conditions prohibitive for 
photorespiration (van Wijk and van Hasselt, 1990) as well as in conditions conducive 
for photorespiration (Sharkey et al., 1988). Nonetheless, the intrinsic linearity between 
<j> 0psu and ~ has been challenged by Weis and Lechtenberg (1989) and by Rees and 
Horton (1990). 
In the present study, we focussed on the "Genty approach" because of its "elegance" for 
field applications. From a conceptual point of view, two important questions can be 
addressed : 1) does the [(F'rn-F,)/F'rnl measure yields unbiased estimates of <l>rsn ? ; 2) 
does <Prsn afford to predict <l>c02 , especially when measurements are taken under 
photorespiratory conditions ? Yet, from a pragmatic point of view, the more immediate 
issue is to know whether field measurements of [(F'rn-F,)/F'rnl permit to predict <l>co2 and 
A, regardless of the nature of the relationship between [(F'rn-F,)/F'rnl and <I>Psn (linear or 
nonlinear) on the one hand and that between <I>Psn and <l>co2 on the other hand. Recently, 
Edwards and Baker (1993) showed that in maize, being a C4 species, the [(F'rn-F,)/F'rnl 
measure yielded, when multiplied with a constant, accurate predictions of <l>c02 , even in 
photorespiratory conditions. In C3 species, however, photorespiration serves as an 
important sink for ATP and NADPH, obscuring the relationship between [(F'rn-F,)/F'rnl 
and <l>c02 (Genty et al., 1990 ; Harbinson et al., 1990). In chapter 11, we evidenced 
already that an empirica! equation, which described the ratio of <l>c02 to [(F'm-F,)/F'ml as 
a function of the PPF and the ambient C02 mole fraction, was amenable to predict <l>c02 
from in situ [(F'm-F,)/F'ml measurements. Empirica! relationships implicitly correct for 
any inconsistency in the relationship between [(F'm-F,)/F'ml and <I>Psn on the one hand 
and between <Prsn and <l>c02 on the other hand. Nevertheless, their validity is actually 
constraint to the specific "calibration conditions" under which they have been developed. 
The objective of the work reported in chapters III and IV wasthen to assess for largely 
varying conditions of stromal sink activity, the reliability of 11 estimates being derived 
from [(F'm-F,)/F'm], and subsequently, to assess the validity of using the chlorophyll 
fluorescence technique, in conjunction with biochemica! knowledge on the relative 
importance of carboxylation and oxygenation, for predicting <l>co2 (or A). Contrary to 
previous work (Seaton and Walker, 1990 ; van Wijk and van Hasselt, 1990; Öquist and 
Chow, 1992), changes in leaf metabolic state have been accomplished by altering the 
ambient co2 concentration (instead of light) and by submitting the plants to different 
water stress intensities, and most important, measurements were performed under 
photorespiratory conditions. 
In chapter III, we scrutinized the relationship between 11 and A. In this respect, we used 
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observations obtained under a wide range of arnbient co2 mole fractions and water 
stress conditions and in two foliage pot plants species, namely Ficus benjamina and 
Schefflera arboricola. J, was derived as the product of [(F'rn-F,)/F'rnL the absorbed PPF 
and the fraction of the excitation energy transferred to chlorophyll a molecules of PSII, 
being the absorption cross section of PSII. In a preliminary stage, we assumed the 
absorption cross section of PSII to be constant. First, we argued from the analysis of 
the A vs. Pc (Pc being the parrial pressure of C02 in equilibrium with its dissolved 
concentrations in the chloroplast) response curves how by changing C02, control over 
photosynthesis would have been transferred between the three biochemica! limiting 
processes of C02 assimilation, allowing the effect of the various limitations over C02 
assimilation on the relationship between J, and A to be evaluated. Next, we 
demonstrated that J, showed responses with changing co2 that could readily be 
explained in terros of concurrent changes in A. We explained also how control over 
PSII photochemistry would have been spread over the two components of the "Genty 
approach", being qp and <j> 0psn· On the other hand, we showed that a moderate water 
stress reduced the capacity of each of the constituent processes of C02 assimilation, 
although it did not affect J,. 
In chapter IV, we used additional biochemica! knowledge on the relative irnportance of 
carboxylation and oxygenation as well as information on the nonphotorespiratory C02 
release to assign the cause of the inconsistency in the relationship between J, and A, 
observed upon water stress induction, to either changes in photorespiratory activity, or 
to uncoupling of electron flow from carbon metabolism, or to any inappropriateness in 
the assumptions underlying the calculations of J, (notably [(F'rn-F,)/F'rn] being a biased 
estimate of <f>Psn or alternatively the PSII absorption cross section being variable) . 
3.2. Materials and methods 
3.2.1. Plant material and growth conditions 
Rooted cuttings of F. benjamina cv. Exotica and of S. arboricola cv. Campacta plants 
were grown in commercial glasshouses in 13 cm diameter pots containing a commercial 
peat mixture, the water retention characteristics of which have been described by Ra bei 
(1994, pp. 41-44). Water application was optima!. The maximum PPF at plant height 
reached 200 ~-tmol.m-2 .s - ', implying that the plants were acclimated to moderate light 
intensities. F. benjamina plants with 12 branches and S. arboricola plants with 10 
compound leaves were moved to a growth charnber with the following controlled 
environmental conditions : 12-h photoperiod, 200 1J.moJ.m·2.s-i PPF at plant height, 24 
0 CJ22 oe lightjdark temperatures, 13.1 g.m-3/10.4 g.m-3 lightjdark water vapour 
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densities, 37.5 Pa ambient partial pressure of C02 . Watering occurred every other day 
with a nutrient solution, the composition of which has been described in chapter I. By 
doing so, the substrate mattic potenrial Cf m) remained above -5 kPa, implying that the 
easily available water was not depleted when plants were watered. 
After two (F. benjamina) and four (S. arboricola) weeks of acclimation in the growth 
chamber, a water stress treatrnent was initiated in eight plants by withholding water 
(Expt. I) . During the drying cycle, which took 12 days for F. benjamina and 10 days 
for S. arboricola, 1f m dropped from container capacity (lf m= -1 kPa) to -17.5 kPa. 
Then, the plants were rewatered to a 1f m of -1.5 kPa. Gas exchange and chlorophyll 
fluorescence measurements were carried out during the drying cycle and following 
rewatering. In a secoud experiment (i.e. Expt. II) , an additional set of eight F. 
benjamina plants was submitted toa more extended (in terros of intensity and duration) 
water stress. The plants were periodically rewatered to container capacity whenever 1f m 
dropped to -50 kPa. In the eighth drying cycle, the plants were rewatered to a 1f m of 
-15 kPa (instead of container capacity). Gas exchange and chlorophy ll fluorescence were 
measured during the eighth drying cycle and, again, following rewatering. A second set 
of eight S. arboricola plants, which had been acclimated for six weeks, was subniitted 
to a single drying cycle (Expt. II). This experiment differed from Expt. I in that the 
plants were only partiall y rewatered, that is to say to a 1f m of - 15 kPa (instead of -1.5 
kPa) andrewatering was postporred until 1f m had dropped to -50 kPa (instead of -17.5 
kPa) . 
3.2.2. Gas exchange and chlorophyll fluorescence measurements 
In Expt. I, gas exchange as well as P AM chlorophyll fluorescence measurements were 
carried out at a 1f m of -1.5 kPa, -7.5 kPa, -15 kPa as well as 12 hours after rewatering 
when 1f m amounted again to -1.5 kPa. In Expt. II, gas exchange and chlorophyll 
fluorescence were measured at a 1f m of -1.5 kPa and to allow the effects of a more 
severe water stress to be evaluated, twelve hours following parrial rewatering at a 1f m 
of -50 kPa, i.e . when 1f m amounted again to -15 kPa. It should be noticed that stomata 
were tightly closed at a 1f m of -50 kPa, hampering as such further gas exchange 
measurement. 
Gas exchange and chlorophyll fluorescence were measured on eight attached leaves or 
leaflets. Young, but fully expanded leaves were selected. Note that in S. arboricola, 
only green leaflets were sampled. The leaves selected in each experiment were 
repeatedly used during subsequent measuring occasions. The concerning measurements 
were conducted in each leaf or leaflet for a range of cuvette C02 partial pressures 
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extending from 2 to 100 Pa. 
Gas exchange measurements were conducted with an open flow, gas exchange system, 
consisting of a compact CO:JHP porometer (type CQP-130, Walz, Germany) which 
was connected toa differential C02 infra-red gas analyzer (Binos 100-4P, Rosemount, 
Germany) and to a temperature controlled (i.e. down and up to 2 oe of the ambient 
temperature) Jeaf cuvette (type PMK-10, Walz) . Cuvette temperature was adjusted to 
26 o C, in both experiments with F. benjamina, and to 23 o C and 27 o C in Expt. I and 
Expt. II with S. arboricola, respectively. These differences in the cuvette temperature 
set points were due to variation in ambient temperature. Actinic light was provided to 
the adaxial leaf surface by a dirnmabie 500 W halogen lamp, which was cooled by a 
fan. Heat was removed by passage of the light through an infra-red absorbing glass, 
caoled with flowing water. The actinic PPF at the leaf level fluctuated from 330 
~moJ.m·2 . s · 1 to 350 ~moJ.m·2 .s· 1 in the experiments with F. benjamina and from 350 
~moJ.m·2 . s · 1 to 380 ~moJ.m·2 .s · 1 in the experiments with S. arboricola . The incoming 
air of the cuvette was passed through a tower, filled with soda lime for co2 stripping. 
Next, the air stream was humidified by passing it through flasks with water of which 
the temperature was controlled to provide a relative humidity in the cuvette of about 
65% (note that because of the different temperature set points in the various 
experiments, the cuvette water vapour pressure as well was different between 
experiments) . Finally, the C02 free but hurnidified air was mixed with pure C02 from 
a pressurized cylinder by a flow controller. 
PSII chlorophyll fluorescence was measured with a PAM fluorometer (type PAM-2000, 
Walz). To allow of simultaneous gas exchange and chlorophyll fluorescence 
measurements , the fiber opties of the fluorometer was inserted into the leaf cuvette at 
a 60° angle relative to the leaf surface. By doing so, the leaf sample was not shaded. 
The fiber opties was pointing toward the adaxial leaf surface. 
When the plants had been darkened for 12 hours, and befare switching on the lights, 
Fo and Fm, being the chlorophyll fluorescence intensities withall PSII reaction centers 
open and closed, respectively, while the thylakoid membrane in the nonenergized state, 
were measured. A saturating, 0.8s pulse of white light (i.e. provided by an 8 V/20 W 
halogen lamp, type Osram, Bellaphot) was applied to determine Fm. Then, the C02 
responses of A, J,, Qp and <IN were measured in eight leaves. The leaf was exposed frrst 
to the highest and then to decreasing partial pressures of C02• In each C02 step, when 
H20 and C02 gas exchange reached steady state, which took about thirty minutes, C02 
and H20 gas exchange rates and the steady state chlorophyll fluorescence intensity, F,, 
as well were determined. Next, a saturating, white light pulse (0.8 s) was applied to 
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determine the maximum chlorophyll fluorescence intensity in the illuminated leaf, Fm. 
Following the saturating pulse, the actinic light was switched off and far-red light with 
a peak wave length of 735 nrn, was applied during 5 s for reoxidation of the 
plastoquinone pool. The minimum chlorophyll fluorescence intensity observed during 
the application of the far red light, F 0 , was measured. Actinic light was switched on 
again and the cuvette partial pressure of C02 was decreased. The procedure was 
repeated then. Note that the F 0 determinations, being required to compute ~ and qp, 
have been carried out only in Expt. II. 
Gas exchange parameters were calculated according to von Caemmerer and Farquhar 
(1981). The conductance to C02 diffusion from the intercellular air spaces within the 
leaf to the sites of carboxylation, notably the mesophyll conductance, was derived as 
1.4 times the stomatal conductance for C02 diffusion observed at a PPF of 800 
1J.mol.m·2.s·' and in the absence of stress (Loreto et al., 1992). Knowledge of the 
mesophyll conductance afforded to assess the partial pressure of C02 in equilibrium 
with its dissolved concentrations in the chloroplast (pc). The quenching coefficients qp 
and ~ were calculated as [(Fm- F,)/(Fm- F 0)] and [1-(Fm- F o)/(Fm- F0)], respectively 
(van Kooten and Snel, 1990), <j>0psn and <I>Psn (i.e. <j>0 psn qp) were computed as [(Fm-
F0)/F'ml and [(F'm-F,)/F'm], respectively. J, was derived as [O.S(F'm-F,)/F'm Q.], Q. 
denoting the PPF absorbed by the leaf. From leaf reflection and transmission 
measurements, we derived that in Expt. I, 84 %, and in Expt. II, 81 % of the incident 
PPF was absorbed by F. benjamina leaves. For both experiments with S. arboricola, 
86% of the incident light was absorbed. Note that these proportions · were not 
significantly affected throughout a single drying cycle. In an initia! attempt to assess J,, 
we assumed that the proportion of the absorbed PPF that was transferred to chlorophyll 
a molecules of PSII units, was constant and that it amounted to 0.5. Although we 
elaborated upon the adequacy of these assumptions in chapter IV, the following 
considerations served as indirect evidence in favour of their appropriateness. First of all, 
the finding that the minimum quanturn requirement for fixatiÖn of one molecule of co2 
in C3 plants is about 9.4 (Björkman and Demmings, 1987 cited by Seaton and Walker, 
1990) and that the maximal <I>Psn is about 0.82 (Seaton and Walker, 1990) and knowing 
that, theoretically, the minimum quanturn requirement according to the concept of the 
Z-scheme is 8, allowed to suggest that PSI and PSII would have sirnilar absorption 
cross sections, at least at low PPF. Moreover, recent findings concerning the irnportance 
of cyclic electron flow around PSI connoted that the distribution of absorbed light 
energy between PSI and PSII units would not vary much (Klughammer and Schreiber, 
1994; Hormannet al ., 1994). 
Starch iodine straining of leaf disks, sampled from leaves that had been darkened 
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initially for 12 hours and then been illuminated for an additional two hours (Terashima, 
1992), revealed that in nonstressed as well as water stressed leaves from both species, 
th~re was no observable heterogeneity in the spatial pattem of starch accumulation. 
Hence, it could be surmised that C02 assimilation would have occurred homogeneously, 
unless any heterogeneity in the spatial pattem of A had changed in an uncoordinated 
way. 
3.3. Results 
3.3.1. Leaf relative water ~ontent and stomatal conductance as affected by the 
water stress treatments 
It should be noted frrst of all that the lf m values of the various experiments were rather 
high with respect to values which are known to trigger physiological responses in field 
grown plants (Stewart and Nielsen, 1990). Anyway, the observations of leaf relative 
water content (leaf RWC) and of stomatal conductance to water vapour diffusion (g,) 
as well afforded to evaluate whether plants experienced water shortage. 
F. benjamina - Expt. I (gs : Fig. 1 ; RWC :Table 1) Withholding water led to a 
significant reduction in leaf RWC. lt induced partial stomatal dosure for Pc being higher 
than 20 Pa. Leaf RWC as wel! as g, reeavered partially following rewatering. 
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TABLEI 
Leaf relative water content (RWC) inF. benjamina (as determined 
according to Weatherley,1950) in response to the substrate matric 
potential ('f m) for Expt. I and Expt. Il. In bold: observations 
provided twelve hours following rewatering ; each value represents 
the mean of eight observations ; in brackets : sample standard error 
of mean. 
lfm RWC 
(kPa) (%) 
Expt. I Expt. II 
- 1.5 95. (2) so· (3) 
- 7.5 78b (3) 
- 15 65" (2) 66b (2) 
- 1.5 82b (3) 
Means within a column that are foliowed by the sarne letter do not 
differ significantly (P = 0.05) ; Expt. I : Duncan ; Expt. II : T-test. 
F. benjamina - Expt. II (gs : Fig. 2 ; RWC : Table 1) A more extended water stress 
resulted in a lower initial leaf RWC as compared to that of Expt. I. Similarly, 
corresponding values of g. (i.e. observed at a similar 1f m and Pc) were lower in Expt. 
II than in Expt. I. 
S. arboricola - Expt. I (gs : Fig. 3 ; RWC : Table Il) Withholding water resulted in a 
significant reduction in leaf RWC. Although apparent for the overall Pc range, 
reductions in g. were most pronounced at high Pc· Again, leaf RWC was not fully 
recovered following rewatering. Yet, the initial values of g. were reestablished. 
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TABLE 2 
Leaf relative water content (RWC) in S. arboricola (as determined 
according to Weatherley, 1950) in response to the substrate matric 
potential ('f' m) for Expt. I and Expt. 1/. In bold: observations 
provided twelve hours following rewatering; each value represents 
the mean of eight observations; in brackets: sample standard error 
of mean. 
'f'm RWC 
(kPa) (%) 
Expt. I Expt. II 
- 1.5 963 (3) 923 (4) 
- 7.5 69c ( 4) 
- 15 69c (3) 65b (6) 
- 1.5 79b (3) 
Means within a column that are foliowed by the same letter do not 
differ significantly (P = 0.05) ; Expt. I : Duncan ; Expt. II : T-test. 
S. arboricola - Expt. 11 (g, : Fig. 4 ; RWC : Table 11) Leaf RWC as well as the g, vs. 
Pc responses of Expt. II were similar as those of Expt. I. 
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3.3.2. Rate of C01 assimilation as atfected by changing atmospheric C01 partial 
pressures and by water stress induction 
The A vs. Pc responses afforded to identify any transfer in control over C02 assimilation 
. with changing Pc· Furthermore, they allowed to assess the water. stress induced 
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modulations in the capacity of each of the biochemica! limiting components of C02 
assimilation (review by Sage and Reid, 1994). 
F. benjaminn - Expt. I (Fig. 5) The linear response in the A vs. Pc curve changed to a 
nonlinear one at a Pc of about 25 Pa, irrespective of the water stress intensity. The 
concerning changes in C02 sensitivity were indicative of a transition in control over 
C02 assimilation : C02 assimilation would have been limited by the capacity of 
ribulose-1,5-bisphospbate (RuBP) carboxylasejoxygenase (rubisco) to consume RuBP 
up toa Pc of about 25 Pa, whereas beyond the concerning Pc, it would have been limited 
by the capacity for RuBP regeneration. The maintenance of the inflection at about 25 
Pa with increasing water stress, suggested that the capacity of both component processes 
would not have been differentially affected by water stress induction. The insensitivity 
of A upon a further rise in Pc beyond 40 Pa (Fig. Sa,b,d) was indicative of Pi 
regeneration limited C02 assimilation. Under more severe water stress conditions, the 
C02 insensitivity of A was already discernable when Pc exceeded 25 Pa (Fig. Sc). 
Apparently, the capacity for Pi regeneration would have been more sensitive to water 
stress than the capacity for RuBP regeneration would have been. 
The functional parameters, being derived from the curves of Fig. 5 have been 
summarized in Table 3. For each curve, two parameters have been calculated, notably 
1) the curve's slope, evaluated at the C02 photocompensation point (r. ; i.e. the Pc at 
which C02 uptake from carboxylation equals the C02 release from oxygenation ; see 
cbapter IV, Table 1 and 2) ; the concerning slope is known also as the carboxylation 
efficiency (ge) and is a measure of the capacity of rubisco to consume RuBP 2) the 
curve's asymptote or the C02 saturated rate of C02 assimilation (Amax), being a measure 
of the capacity for RuBP or Pi regeneration. Clearly, ge as well as Amax were 
significantly affected by water stress. They did not show full recovery twelve hours 
following rewatering. Note that the changes in ge and Amax were no artifacts from 
nonuniform C02 assimilation since starch straining had revealed that C02 assimilation 
would have occurred homogeneously over the leaf area. 
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TABLE 3 
The carboxylation efficiency (gc, i.e. derived from the slope of the A vs. Pc 
response curve at Pc = r. ; A, Pc and r. being the rate of C02 assimilation, the 
chloroplast partial pressure of co2 and the co2 photocompensation point, 
respectively) and the C02 saturated rate of C02 assimilation (Amax, i.e. the 
asymptotic value of the A vs. Pc response curve) in F. benjamina as affected by the 
substrate matric potenrial ('P J for Expt. I and Expt. 11. In bold : observations 
provided twelve hours following rewatering ; df denotes degrees of freedom ; 
values in brackets : sample standard error of mean ; values of r. have been 
presented in chapter 4. 
'J:'m 
(kPa) 
- 1.5 
- 7.5 
- 15 
- 1.5 
Expt. I 
78 (6) 
56' (8) 
60' (3) 
61. (3) 
Means that are foliowed by 
d.f. 
15.8 (0.5) 68 
13.6 (1.1) 48 
11.1" (0.5) 51 
u.s· (O.S) 54 
Expt. 11 
39 (3) 
17. (3) 
A",., 
(~moJ.m·2 s · ') 
12.3 (0.4) 
5.4· (0.5) 
d.f. 
59 
41 
differ significan tly from the initia! value within the same column (P - 0.05) 
according toa T'-test (Snedecor and Cochran, 1957, pp. 97-98) . 
F. benjamina - Expt. 11 (Fig. 6) In genera!, it was difficult to discern the transitions of 
the control over C02 assimilation. More apparent was that periodical water stress had 
led to a substantial reduction in the capacity of the photosynthetic machinery, being 
reflected in an impairment in ge as well as in Amax (Table 3 ; campare values of Expt. 
I and II). This was to be expected already from the data of Expt. I, notably from the 
finding that A reeavered only partially after full rewatering. It is important to recognize 
that acclimation to periodical water stress had not affected at all the responsi vene ss of 
A to water shortage. A decrease in 'P m led systematically to an impairment in C02 
assimilation. 
S. arboricola - Expt. I (Fig. 7) The inflection from a linear to a nonlinear response in 
the A VS. Pc curve, being inclicative of a transition from limitation of co2 assimilation 
by the capacity of rubisco to consume RuBP to limitation by the capacity for RuBP 
regeneration, occurred at a Pc of about 25 Pa, regardless of the water stress intensity. 
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Under more severe water stress conditions, notably for lf' m reaching -15 kPa, C02 
insensitivity of A was discemable when Pc exceeded 25 Pa. C02 assimilation would 
presumably have been limited here by the capacity for Pi regeneration. 
Both ge and Amax were significantly lower in stressed plants than in control plants (Table 
4). Again, there was no evidence from starch straining to assume for any nonuniform 
C02 assimilation. Most remarkably was that, upon rewatering, ge and Amax seemed to 
be enhanced with respect to the control values, notably the values providedat a lf' mof 
-1.5 kPa prior to water stress induction. However, the enhancement was not significant. 
TABLE 4 
The carboxylation efficiency (gc, i.e. derived from the slope of the A vs. Pc 
response curve evaluated at Pc = r. ; A, Pc and r. being the net rate of C02 
assimilation, the chloroplast partial pressure of co2 and the co2 photo-
compensation point, respectively) and the co2 saturated rate of co2 assimilation 
(A= i.e. the asymptotic value of the A vs. Pc response curve) in S. arboricola as 
affected by the substrate matric potential (lf' J for Expt. I and Expt. 11. In bold : 
observations provided twelve hours following rewatering ; df denotes degrees of 
freedom; values in brackets: sample standard error of mean; values ofr. have 
been presented in chapter 4. 
'fm 
(kPa) 
- l.S 
- 7.5 
- IS 
- 1.5 
71 (S) 
43' (2) 
ss· Cll 
97 (14) 
Expt. I 
18.7 (0.9) 
11.8' (0.5) 
9.0' (1.6) 
23.1 (3.4) 
Expt. 11 
d.f. A,.., d.f. 
(!J.mol.m·2.s·1) 
67 7S (3) !9.S (1.3) 38 
61 
76 75. (2) 13.3 (1.1) 36 
37 
Means that are foliowed by differ significantly from the initia! value within the same column (P - O.OS) 
according toa T'-test (Snedecor and Cochran, 1957, pp. 97-98). 
S. arboricola - Expt. 11 (Fig. 8) The A vs. Pc responses were reminiscent of those from 
Expt. I. That is to say, 1) C02 assimilation would have been limited by the capacity of 
rubisco to consume RuBP up to a Pc of about 25 Pa, 2) at a higher Pc• regeneration for 
RuBP would have exerted control over C02 assimilation and 3) because of the steadily 
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- - ---- - - --
increase in A with increasing Pc, there was no evidence for limitation by Pi regeneration. 
Yet, contrary to what was observed following rewatering aftera mild water stress {Expt. 
1), partial rewatering after a more severe water stress (Expt. 11) did not result in a full 
recovery of ge and A max (Table 4) . 
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FIG. 5 
Response of the rate of C02 
assimilation (A) to the 
chloroplast partial pressure 
of C02 (pc) inF. benjamina 
(Expt. I) as affected by the 
substrate matric potential, 
being -1.5 kPa (a), -7.5 
kPa (b), -15 kPa (c) and -
1.5 kPa (d) (see Fig. 1 for 
further details) . Unbroken 
lines : curves fitted to the 
observations ; broken line : 
repeats curve of Fig. a. 
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Response of the rate of C02 assimilation (A) to the 
chloroplast partial pressure of co2 (pc) in F. benjamina 
(Expt. I/) as affected by the substrate matric potential, 
being -1 .5 kPa (a) and -15 kPa (b) (see Fig. 2for further 
details) . Unbroken lines : curves fitred to observations ; 
braken line : repeats curve of Fig. a. 
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Response of the rate of C02 assimilation (A) to the 
chloroplast parrial pressure of C02 (pJ in S. arboricola 
(Expt. IJ) as affected by the substrate matric potential, 
being -1.5 kPa (a) and -15 kPa (b) (see Fig . 4 for further 
details). Braken lines : curves fitted to the observation ; 
unbroken line : repeats curve of Fig . a. 
3.3.3. Rate of linear electron flow as affected by changing C02 and by water stress 
in duetion 
F. benjamina - Expt. I (Fig. 9) The J1 vs. Pc responses were tosome extent reminiscent 
of the. A vs. Pc responses, in that J1 exhibited also a high C02 sensitivity at low Pc as 
well as a gready reduced sensitivity at high Pc· Nevertheless, the respective responses 
differed substantially in some important aspects. First of all, J1 achieved its peak already 
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for Pc reaching 20 Pa, whereas A still increased substantially up to a Pc of about 30 Pa. 
Another striking dissimilarity was that the J1 vs. Pc responses showed a peak value at 
a moderate Pc that was foliowed by a decline. The declining response was also apparent 
when the observations of the various leaves were not amalgamated (not shown). It 
should be noted that the decline in J1 with rising Pc coincided with the transfer of control 
over C02 assimilation from the capacity for RuBP regeneratien to that of Pi 
regeneration. 
Most remarkably was that J1 remained, in contrast toA, relatively unaffected upon water 
stress induction. Further statistica! tests (not shown) in which the 11 observations were 
divided according to their Pc value into a number of classes (i.e. with the class interval 
being 5 Pa up to a Pc of 30 Pa and 20 Pa for Pc exceeding 30 Pa), revealed that 11 was 
not significantly affected by the water stress treatrnent. 
F. benjamina - Expt. 11 (Fig. JO) A severe water stress treatrnent led to an impairment 
in J1• This impairment was consistent with the reduction in A (Fig. 6). On the other 
hand, the peak value being observed in J1 following fully rewatering after several drying 
cycles (i.e. 87 1J.mol.m·2.s·1 ; Fig. lOd) was not substantially different from that observed 
in well watered plants (i.e. 93 1J.mol.m·2.s·1 ; Fig. 9a), evensoa marked discrepancy was 
exhibited in the cortesponding A values (Fig. 5a and 6a). Apparently, water stress did 
not involve any irreversible reduction in the intrinsic capacity of linear electron flow. 
Fig. 10 showed also how adjustrnents in J1 could be interpreted in terms of changes in 
qp, <IN and cP0rsn· In fully rewatered plants, the value of qp remained high until Pc 
dropped below 10 Pa. Hence, control over <Prsn was essentially exerted by cP0rsn or by 
<IN (note that a change in <IN always led to an opposi te change in cP0rsn). It was only at 
very low Pc that the degree of PSII reaction center "openness" shared in control over 
cPrsn· 
The changes in <IN and <1:> 0rsu consolidated to some extent the foregoing assumptions 
concerning the nature of the limiting processes in C02 assimilation. In fully rewatered 
plants, a decrease in Pc from about 40 to 35 Pa was accompanied by a relaxation in <IN 
and a concomitant increase in <P0 rsn· If co2 assimilation had still been limited at high 
Pc by the capacity for RuBP regeneration, <IN or <f:> 0rsn would have remained constant 
with increasing Pc· Hence, the rise in <IN or the decline in cP0rsu at high Pc could be 
viewed as due toa transfer of control over C02 assimilation from the capacity for RuBP 
regeneratien to the capacity for Pi regeneration, corroborating the conclusions drawn 
from the visual evaluation of the A vs. Pc responses. When Pc decreased further below 
a 25 Pa, <IN (or cP0rsu) increased (or decreased) again sigmoidally. The concerning 
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changes fitted in with the belief that when Pc dropped below a 25 Pa, control over C02 
assimilation would have been transferred from the capacity for RuBP regeneration to 
the capacity for RuBP fixation by rubisco, as was concluded from the A vs. Pc response 
curves. It was, however, not clear from the observations of CJ.N and of <j> 0 psn whether the 
transition occurred at 25 Pa or at a slightly higher Pc· 
In plants that were only partially rewatered toa 'i' mof -15 kPa, CJ.N (or <j> 0 psu) remained 
substantially higher (lower) than in fully rewatered plants. Again, a high qp could be 
maintained because of a high level of control over PSII photochemistry by CJ.N . Note that 
qp was even higher than in fully rewatered plants. 
S. arboricola - Expt. I (Fig. 11) Similarly as in F. benjamina, 11 saturated when Pc 
exceeded 20 Pa. The 11 vs. Pc responses did in general not show any decline at high Pc· 
Further analysis of the observations, yet per leaf, learned that for 'i' m being -15 kPa, a 
peak occurred in the 11 vs. Pc responses in three out of eight leaves, yet the paired 
difference between the 11 observations for Pc being 25 Pa and those observed at the 
highest Pc was not significant. Moreover, a curve with a saturating pattem gave a better 
fit than one with a declining response did. Hence, these observations corroborated the 
contention that , within the considered range of measuring conditions, C02 assimilation 
would not have been limited by the capacity for Pi regeneration. Most striking again 
was that the 11 vs. Pc responses were, in contrast to the A vs . Pc responses (Fig. 7), 
unaffected by the water stress treatment. On the other hand, the slight enhancement in 
A following rewatering (Fig. 7d) was accompanied also by an enhancement in 11• 
Further statistica! tests (not shown) revealed that the enhancement in 11 upon rewatering 
was significant for Pc being lower than 15 Pa. 
S. arboricola - Expt. //(Fig. 12) The rnainterrance of CJ.N (or <j> 0psu) with rising Pc beyond 
20 Pa ruled out the possibility that C02 assimilation would have been limited at high 
Pc by the capacity for Pi regeneration. The decline in <l>Psn (or in 11) with decreasing Pc 
could be attributed initially to an increase in CJ.N (or a decrease in <j> 0 psu). However when 
Pc decreased further below 10 Pa, both a decrease in qp and an increase in CJ.N (or 
decrease in <Po Psn) shared in the control over <l>Psn· 
11 was slightly lower in partially rewatered than in fully rewatered plants. Statistica! 
analysis (not shown) revealed that the discrepancy in 11 was only significant for Pc being 
lower than 10 Pa. Water stress induction did not affect qp, though it led to a slightly 
enhancement in CJ.N and a concurrent deercase in <j> 0 psn · 
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FIG. 9 
Response of the rate of 
linear electron flow (J,) to 
the chloroplast partial 
pressure of co2 (pJ in F. 
ben;amina (Expt. /) as 
affected by the substrate 
matric potential, being -1.5 
kPa (a), -7.5 kPa (b), -15 
kPa (c) and again -1.5 kPa 
(d) (see Fig. 1 for further 
details) . Unbroken line 
curves fitted to the 
observations ; braken line : 
repeats the curve of Fig. a. 
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FIG. 11 
Response of the rate of 
linear electron flow (11) to 
the chloroplast partial 
pressure of C02 (pc) in S. 
arboricola (Expt. I) as 
affected by the substrate 
matric potential, being -1.5 
kPa (a), -7.5 kPa (b), -15 
kPa (c) and -1 .5 kPa (d) 
(see Fig. 3 for further 
details). Unbroken lines : 
curves fitted to the 
observations ; broken line : 
repeats curve of Fig. a. 
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3.3.4. Relationship between J, and A 
In Fig. 13, the relationship between J, and A for F. benjamina and for S. arboricola as 
well bas been depicted (Expt. 1). Note that a sirnilar, nonlinear relationship would have 
appeared by plotting <I>PSu against <l>cxn·· The observations of Expt I provided lUlder well 
102 
irrigated conditions as well as those obtained under water stress have been 
amalgamated. which explained in part the scatter in the data. It is clearly visible that the 
J, vs. A& relationship levelled off when A reached about 7 f.LmoJ.m·2.s·'. A considerable 
increase in A, from 7 f.LmoJ.m·2.s· ' to 15 f.Lmoi.m·2.s·' in F. benjamina and from 7 
f.Lmol.m·2.s·' to 22 f.LmoJ.m·2.s· ' inS. arboricola, was accomplished without any further 
increase in J,. Moreover, the relationship was not unique : a specific A could be 
sustained by a lower J, in F. benjamina than in S. arboricola. Clearly, sirnilar 
conclusions would have applied for the <I>PSu vs . <l>co2 relationship . 
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Relationship between the rate of linear electron transport 
being derived from chlorophyll fl.uorescence analysis (1,) 
and the rate of C02 assimilation (A) in F. benjamina 
(closed symbols) and S. cirboricola (open symbols). The 
observations of Expt. I, notably provided at a substrate 
matric potenrial of -1 .5 kPa, -7.5 kPa and -15 kPa and 
again at -1.5 kPa, yet following rewatering, were 
amalgamared (see Fig.l and 3 for further details). Lines 
represent 95% confidence belts of the polynomial curves, 
being fitted to the observations of F. benjamina (unbroken 
lines) and S. arboricola (broken lines) . 
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3.4. Discussion 
The experiroents reported in this study afforded to evaluate whether J, assessroents, 
being derived directly froro the chlorophyll fluorescence based [(F'm-F,)/F'm] roeasure, 
were reliable and whether they would afford, potentially at least, to predict A. In 
particular, we verified to which extent J, assessroents, being obtained under 
photorespiratory conditions and for a wide range of leaf roetabolie states, were 
consistent with concurrent observations A. Leaf roetabolie state was altered by changing 
the ambient co2 concentratien and by subjeering the plants to water stress. 
The analysis of the A vs. Pc response curves (Fig. 5-8) showed that by changing the 
ambient co2 and by inducing water stress, control over co2 assirnilation would have 
been transferred between its three biocheroicallirniting coroponents, being the capacity 
of rubisco to eensurne RuBP, the capacity of the thylakoid and the Calvin cycle 
reacrions to regenerate RuBP, and the supply or utilization of phosphate. 
Furtherroore, the A vs. Pc response curves showed that the water stress intenslUes 
adopted in this study were sufficient to reduce the chloroplasts' capacity to fix co2 and 
hence, to reduce the capacity of the PCR cycle as a sink for ATP and NADPH. The 
impairment in roesophyll photosynthetic activity was surprising in view of the relatively 
high 1f ms to which the plants have been subroitted. Anyway, the considerable reductions 
in leaf RWC (Table 1 and 2) as wellas in ge (Fig. 1-4), being observed notably when 
1f m dropped to -7.5 kPa, revealed that the plants experienced water shortage. Note that 
at a 1f m of -15 kPa, leaf water deficits even exceeded the cri ti cal value of 30%. Comic 
et al. (1992) pointed out that photosynthetic biocheroistry is in general inhibited when 
leaf water deficit exceeds 30% . 
The successof the use of the [(F'm-F,)/F'ml roeasure for prediering J, roay be connected 
with the appropriateness of the assumptions that 1) [(F'm-F,)/F'ml would be a reliable 
roeasure of <I>Psii> 2) the distribution of light energy between PSI and PSII would reroain 
constant. The extent to which J, affords then to predict A depends on the degree of 
coupling between linear electron flow and carbon roetabolisro. Froro the analysis of the 
changes in J, and A with changing Pc, it could be stated that the chlorophyll 
fluorescence based estirnates of J, showed in general responses that were consistent with 
the changes in A, regardless of the roechanisro involved in the control over C02 
assirnilation. On the other hand, when plants were subjected to water stress, the relation 
between J, and A was less straightforward, suggesting that the assumptions underlying 
the calculations of J, would nothave applied anymore or alternatively that electron flow 
would have been uncoupled froro carbon roetabolisro. 
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3.4.1. Consistency between J, and A and evidence for feedback of carbon 
metabolism on Iinear electron flow 
Limitation of A by the capacity of rubisco to consume RuBP - down regulation of J, 
Visual evaluation of the transition in the A vs. Pc curves from a linear to a nonlinear 
response, suggested that light harvesting would have exceeded the capacity of light 
energy dissipa ti on in the PCR and PCO cycles when Pc dropped below about 25 Pa 
(Fig. 5-8). J, began to decrease in general when Pc dropped below 20 Pa (Fig. 9-12). 
The concurrent decline in A and J, with decreasing Pc below 20 Pa, fitted in with the 
general belief that if light harvesting exceeded the capacity of rubisco to eensurne RuBP 
or in other words if it exceeded the photosynthetic dark reactions' capacity to dissipa te 
the products from the light reactions, linear electron flow would be down regulated to 
ensure a proper balance between generation and consumption of the light reactions' 
products (review by Walker, 1992). 
Clearly, because J, was obtained by multiplying <I>Psn with a constant, the decrease in 
J, with decreasing Pc could be connected toa decreasein <I>Psn· The cause of <I>Psu down 
reguiatien upon co2 depletion has been assigned to an increase in 'lN (or a decrease in 
<j> 0p511) (Scheibe and Stitt, 1988 ; Weis and Lechtenberg, 1989) as wellastoa decrease 
in qp (Dietz et al. , 1985 ; Scheibe and Stitt, 1988 ; Weis and Lechtenberg, 1989). In 
short, as C02 is withdrawn, ATP consumption in carbon . metabolism falls and the 
discharge of the transthylakoid proton gradient (ÄpH) slows down. Hence, the rate at 
which electron flow pumps protons in the thylakoid lumen will exceed that at which 
protons are discharged in A TP synthesis, leading to a build up of Á pH (i.e. an 
acidification of the thylakoid lumen and stromal alkalization). Finally, Ä pH acidification 
of the thylakoid lumen would down regulate <Ppsn and establish as such a new 
equilibrium between !::. pH formation and its dis charge. 
The Ä pH formation is believed to affect the efficiency of excitation capture by open 
PSII reaction centers, <j> 0 p511 , either via induction of inactive PSII reaction centers or via 
an enhancement of the rate constant of thermal de-excitation in the pigment bed. 
Inactive PSII reaction centers would accumulate when !::. pH acidification inhibited 
electron dorration to PSII reaction centers. Inhibition of electron dorration leads to 1) 
accumulation of oxidized PSII reaction centers which dissipate excitation energy very 
efficiently to heat (review by Briantais et al., 1986) ; 2) fast charge recombination 
(Schreiber and Neubauer, 1987) ; 3) cyclic electron flow around PSII (Horton and 
Ruban, 1992). Zeaxanthin is assumed to be involved in heat deactivation within the 
pigment bed (Demming-Adams and Adams, 1992). Zeaxanthin is formed by de-
epoxydation of violaxanthin in the preserree of ascorbate and an acidic lwnen pH 
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(Neubauer and Yamamoto, 1994). Currently, it is assumed that zeaxanthin would have 
a direct and an indirect effect on deactivation of excitons. In contrast to violaxanthin, 
which serves as a light harvesting pigment that can transfer singlet excitation energy to 
chlorophyll a molecules, zeaxanthin has because of its longer polyene chain a singlet 
excited state that is lower than that of chlorophyll a and, therefore, it can directly act 
as a quencher of the excited singlet ·chlorophyll (review by Pfündel and Bilger, 1994). 
The indirect effect would result from the fact that zeaxanthin enhances aggregation of 
LHCII. Note that if down regulation of <!>0 psn had been the cause of the decline in <!>Psn 
observed at low Pc• this would have been reflected by an increase in CIN· 
Likewise, .:lpH acidification of the thylakoid lumen restricts the electron flow between 
PSII and PSI at the Cyt flb site, in particular by inhibition of proton release in the 
thylakoid lumen, impairing as such reoxidation of PQH2• Restrietion of intersystem 
electron flow has also been indicated as "photosyn thetic control" of electron flow 
(Siggel, 1974). If photosynthetic control had been involved in <!>Psn down regulation at 
low Pc, this would have been reflected in a decrease in qp. 
The observations from Expt. II revealed that with increasing tiN (or decreasing <j> 0 psu), 
qp remained constant, decreased or increased (Fig. 10 and 12). A similar variabie 
behaviour in qp has been reported by Harbinsonet al. (1989). The opposing changes in 
tiN and qp (an increase in tiN and decrease in qp) with decreasing Pc at a very low Pc ( < 
10 Pa) could be interpreted as indicating that the effect of the .:1 pH induced 
"backpressure" resulting from a lowered PQH2 reoxidation would have been more 
important than the effect of the reduction in "electron pressure" from a lowered <j> 0psn· 
The increase in tiN and concurrent maintenance of qp when Pc decreased from 30 Pa to 
10 Pa suggested then that control of .:1 pH over electron flow would have been equally 
spread over PQH2 reoxidation and <!> 0rsn· A parallel increase in qp and cw, which would 
have been observed inF. benjamina if water stress had been induced while maintaining 
Pc constant and which was visible, yet to a lesser extent, when Pc decreased in the 
concerning species from 30 Pa to 10 Pa, revealed then that under these conditions, .:lpH 
would have exerted a stronger control over <1> 0rsn than over PQH2 reoxidation. Parallel 
changes in cw and qp seems to be peculiar. Anyhow, the build up of a .:1 pH is reflected 
in an increase in cw and consiclering that it may activate the electron flow to 0 2 and 
H20 2 in the Mehler peroxidase reaction sequence (Hormann et al., 1994) and that the 
enhancement in electron transfer to any acceptor may outweigh in J, the effect of the 
.:lpH induced down regulation of PQH2 reoxidation, it is not that surprising to find 
concurrent increases in cw and qp increased concurrently. Conversely, it could be 
suggested from the above points that the parallel changes in cw and qp might have been 
indicative of an enhancement in the activity of the Mehler peroxidase reactions. This 
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possibility could be reconciled with the concurrently observed changes in the balance 
between <I>Psn and <Pc02. Note in this regards that electron transfer to 0 2 and HzÜ2 affects 
<PPsn and <Pco2 differentially. 
The variabie changes in qp can be understood also as adjustrnents required to maintain 
the balance between <j>p51 and <PPsn· To illustrate this, consider the case of parallel 
changes in <lN and qp. First of all, it should be recognized that oxidized PSI reaction 
centers de-activate excitation energy very efficiently to heat. Consequently, the 
photochemical efficiency of PSI ( <j>p51) is assurned to be proportional to the ratio of 
reduced to oxidized PSI reaction centers (Harbinson et al., 1989). Because a concurrent 
increase in <lN and qp implied that <j>0psn would have been lowered more than the 
capacity of PQH2 reoxidation and knowing that PQH2 reoxidation led to reduction of 
PSI reaction centers, <j> 0psn would have been down regulated more than <j>p51. An increase 
in qp restored then the balance between <PPsn and <j>p51. Nevertheless, without any 
measurement of the PSI photochemical efficiency, this should be considered as a 
speculation. 
On balance, the concurrent decreasein A and J, at low Pc when C02 assimilation would 
have been limited by the capacity of rubisco to fix C02, supported on the one hand the 
reliability of the chlorophyll fluorescence based J, assessments and on the other hand, 
it subscribed the appropriateness of the <P PSII measure for assessing unde r these specific 
conditions the changes in A. Conversely, the tiecline in J, (or in <PPsu) with decreasing 
Pc reflected the feedback of carbon metabolism on PSII photochemistry and linear 
electron flow. Carbon metabolism is known to exert control over PSII photochemistry 
and linear electron flow via the build of a !:J.pH. Assuming that qN was a reliable 
indicator of !:J.pH, the variabie response of qP with increasing qN was indicative of a 
differential !:J.pH sensitivity of PSII functioning and intersystem electron flow. Further 
research, however, is required to assess the possible involvement of electronflow to 0 2 
and H20 2 in the variabie qp response. 
Limitation of A by the capacity of the thylakoid or the Calvin cycle to regenerate RuBP 
- free electron flow The nonlinear increasing response of A to Pc• extending from about 
25 Pa (Fig. 5-8) up to the Pc where A became insensitive to Pc, delineated the range of 
Pc in which A would have been lirnited by the capacity for RuBP regeneratien (Sage 
and Reid, 1994). 11 reached its ceiling within this range, even though A could still be 
enhanced by increasing Pc· Anyway, the saturating response in J1 could be readily 
reconciled with the nonlinearly increasing response in A. Indeed, the nonlinear increase 
in A with rising Pc was a reflection of the diversion of RuBP utilization from 
oxygenation to carboxylation, whereas the rnainterrance of J1 showed that the opposed 
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changes in the rates of carboxylation and oxygenation were bound by RuBP turn over. 
Under the prevailing PPF and capacity of the thylakoids to regenerate RuBP, any 
increase in A TP and N AD PH consurn ption in the PCR cycle was offset by a sirnilar 
reduction in their consurnption in the PCO cycle. Obviously, the occurrence of RuBP 
regeneration lirnited C02 assirnilation coincided with the attainrnent of a minimal <IN 
(Fig. lOb, 12b) or of a maximal <j> 0psu (Fig. lOc, 12c) : down regulation of PSII 
photochemistry was released to allow for maximal electron flow. Nevertheless, it should 
be noted that in severely stressed and partially rewatered F. benjamina plants (Expt. II), 
suppression of PSII photochemistry was not released, irrespective of Pc (Fig. lOb, lOc 
:open symbols). Apparently, water stress induced inhibition of PSII photochemistry was 
not reversed upon partial rewatering. 
On balance, the concurrence of the nonfine ar increase in A and the maintenance in 1, 
with increasing Pc when C02 assimilation would have been limited by the capacity of 
the thylakoid or the Calvin cycle to regenerale RuBP supported the reliability of the 
chlorophylljluorescence based J, assessments forthese specific conditions. On the other 
hand, the coincid.ence of these responses illustrated that maintenance in <f>PSI1 or in J, 
does not necessarily implies that <f>c02 or A would remain constant. Hence, und.er these 
specific conditions of rubisco limited co2 assimilation, merely information with respect 
to J, would not allow to predict A. Likewise, the maintenance of 1, with increasing Pc 
showed that the maximal electron flow was achieved, at least for the prevailing PPF. 
Repression of PSII photochemistry was released, which was further supported by the 
qN and <Po Psu obse rvations. Neverthe less, it was persistent in severely stressed F. 
benjamina plants. 
Limitation of A by the capacity for P; regeneration or supply - down regulation of 1, 
Insensitivity of A to Pc has been used as a diagnosis for Pi regeneration limitation 
(review by Sage and Raid, 1994). Pi regeneration lirnited C02 assirnilation would have 
occurred in this regards inF. benjamina when Pc exceeded 40 Pa (Fig. 5). Note that the 
latter value seems to be low for the occurrence of Pi regeneration lirnitation. Anyway, 
Eichelmann and Laisk (1994) found that in starchless Nicotiana sylvestris mutants, Pi 
regeneration limited C02 assirnilation was observed at a sirnilar low Pc· Accordingly, 
it could be suggested that the activity of the reactions of starch and sucrose synthesis 
would have substantially been irnpaired. From the A vs . Pc responses of S. arboricola 
derived that pi regeneration limited co2 assirnilation might have occurred under severe 
water stress conditions (Fig. 7c), yet we hasten to add that this was not consolidated by 
the J, observations (Fig llc, 12d) neither by the <IN observations (Fig. 12b). 
The belief that insensiti vity of A to Pc reflected Pi regeneration lirnited C02 assimilation 
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could be challenged. Indeed, a Jack of C02 response could have been indicative of 
complete suppression of RuBP oxygenation as wel!. Nevertheless, knowing that in F. 
benjamina, the CO.j02 specificity factor of rubisco averaged 1932 Pa.Pa·' (chapter IV 
; Table 1 ; observations of Expt. I) and when using the equations derived by Laisk 
(1977) and the observations of A for 'P m being -1.5 kPa, it could be advanced that for 
Pc being 40 Pa, still 1 molecule of C02 would have been released from oxygenation for 
every 10 molecules of C02 consumed from carboxylation. Assuming that the rate of 
co2 release from processes other than photorespiration had been relatively unaffected 
by changes in Pc beyond 40 Pa and consiclering the observations of A obtained for Pc 
being 40 Pa, it could be derived that the capacity of the thylakoid for RuBP 
regeneratien would have been able to support actually a maximum A of 19.9 ~moLm· 
2
.s·1, i.e. with complete suppression of oxygenation and in the absence of Pi regeneratien 
limitation. The substantial discrepancy between this value and Amax (namely 15.8 
~moi.m·2 . s · 1 ; Table 3) supported the belief that at high Pc, C02 assimilation would have 
been limited by the capacity for Pi regeneration. 
The decline of Amax in F. benjamina with increasing water stress (Table 3) could 
consequently be connected to a reduction in the capacity for Pi regeneration. Is there 
any evidence from literature that water stress reduces the capacity of Pi utilization or 
Pi supply ? Vassey et al. (1991) showed that sucrose phosphate synthase activity was 
highly impaired in Phaseolus vulgaris upon water stress induction. An impairment in 
sucrose phospha te synthase activity leads to sequestering of Pi or in other words to a 
reduction in Pi regeneration. Moreover, water stress is known to affect sink demand for 
sucrose relative more than it does affect sucrose supply from C02 assimilation, leading 
to leaf sucrose accumulation (Comic et al., 1992). Sucrose accumulation in turn may 
deactivate sucrose phospha te synthase and sucrose phospha tase (review by Woodrow 
and Berry, 1988), slowing down as such Pi regeneration. Altematively, water stress may 
lower uptake of Pi via a reduction in the transpiration stream (Stuhlfauth et al., 1991). 
In F. benjamina, insensitivity of A to Pc coincided with a decline in the J, vs. Pc 
responses (Fig. 9, lüd). These observations were reminiscent of the findingsof Sharkey 
et al. (1988) that at high PPF and Pc, a reduction in the partial pressure of 0 2 did not 
affect A at all, even though it led to a substantial reduction in J,. Note that 0 2 depletion 
(Sharkey et al., 1988) as wellas C02 enrichment (present study) lead to-suppression of 
photorespiration. The coincidence of the insensitivity in A with the decline in J, upon 
an increase in Pc can be understood from the interaction that : 1) each carboxylation 
involves a net esterification of 1/3Pi whereas each oxygenation causes a net release of 
1/6Pi (Sharkey, 1985) ; consequently, and knowing that an increase in Pc suppresses 
oxygenation, an increase in Pc would lead to sequestering of Pi in. organic compounds 
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; 2) the activity of rubisco and, hence, the co2 uptake from carboxylation may be 
impaired upon sequestering of P; (Sharkey 1985 ; Sage et al., 1988). However, the 
possibility that a reduction in P; would lower the rate of carboxylation via its effect on 
the RuBP content cannot be ruled out. Rao et al. (1989) evidenced that a low P; 
enhanced diversion of fixed carbon to starch synthesis and this at the expense of RuBP 
regeneration ; 3) the effect of a reduction in the rate of co2 uptake from carboxylation 
with increasing Pc would be offset in A by the effect of a similar reduction in the rate 
of co2 release from photorespiration ; 4) the impairment in both the rate of 
carboxylation and oxygenation would lead to a decline in J,. 
The increase in <IN at high Pc (Fig. lOb) suggested that again an excessively high !l pH 
would have been involved in down regulation of J,. The concurrent increase in qp (Fig. 
lüa) revealed that the !lpH build up would have primarily affected cj> 0 psn and toa lesser 
extent reoxidation of PQH2• Parurnenter et al. (1993) related the increase in <IN being 
observed when control over C02 assimilation was transferred to P; regeneration, to an 
enhanced zeaxanthin formation. They showed that the increase in <IN persisted following 
relaxation of the P; regeneration limitation. Note that in the present study, plants were 
submitted during gas exchange measurements first to the highest Pc· Accordingly, it is 
not unlikely that the high <IN observed in severely stressed F. benjamina plants (Fig. lOb 
; 'I' m = -15 kPa), had developed in the initia! measuring step, notably at high Pc, and 
persisted throughout the remaining measuring steps, conducted at lower Pc· 
On balance, the coincidence of the insensitivity of A to Pc and the decline in 1, at high 
Pc when C02 assimilation would have been limited by the capacity for P; regeneration, 
supported also the reliability of the chlorophyll jluorescence based 1, assessments for 
these speci.fic conditions. On the other hand, these findings illustrated that changes in 
c!>Psu or in 1, are not necessarily rejlected in changes in A or cl>c02, showing again that 
merely information with respect to 1, does not suffice for predicting A. Conversely, the 
de cline in 1, ( or in cj> Psu) with increasing Pc rejlected the feedback of the reaelions of 
starch or sucrose synthesis on PSII photochemistry and linear electron flow. Feedback 
was achieved via an increase in qN or in other words, via down regulation of cj>o Psu· 
3.4.2. Inconsistency between J, and A and uncoupling of carbon metabolism from 
linear electron flow 
The saturation pattem observed in the J, vs. A relationship (Fig. 13) revealed that 
merely information with respect to J, did not suffice to predict A : different values of 
A could be connected to a unique J, value. This was not surprising : with increasing Pc, 
A was enhanced. The enhanced sink activity in turn led to a gradual release of the 
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suppression of PSU photochemistry. Eventually, <I>Psn and J, achieved a maximum at an 
intem1ediate Pc : they could not be increased further without increasing the PPF. Yet, 
A could still be enhanced by rising the Pc and by favouring as such the allocation of 
ATP and NADPH to the PCR cycle reacrions and this at the expense of their allocation 
to the PCO cycle reactions. Hence, when C02 assin1ilation is limited by the capacity for 
RuBP regeneration, Pc bas to be known in conjunction with J, to preeliet A : where J, 
is a measure of the capacity for RuBP regeneration, Pc affords to determine the 
partitioning of RuBP between carboxylation and oxygenation ( chapter IV). Furthermore, 
the species differences in the J, vs. A relationship suggested that the partitioning of 
RuBP between carboxylation and oxygenation would have been species dependent 
Still, the premise that the knowledge of J, as wellas of Pc would suffice for prediering 
A, could be refuted on the grounds that different A values were found in Expt. I for 
unique combinations of Pc and J,. This could readily be inferred from the fact that on 
the one hand, the A vs. Pc curves were substantially affected by water stress, whereas 
on the other hand, the J, vs. Pc response curves were relatively unaffected (Fig. 5 and 
9 for F. benjamina ; Fig. 7 and 11 for S. arboricola). Another observation being 
illustrative of the variability between A and J,, was that in severely stressed S. 
arboricola plans that were partially rewatered (Expt. II), A fully recovered only at low 
Pc (Fig. 8b) whereas inhibi ti on of J, was most persistent especially at low Pc (Fig. 12d). 
Hence, in water stressed plants, a higher J, was in general required to achieve aspecific 
A or conversely, J, would have been in excess of its requirements in C02 assirnilation. 
On the other hand, in severely stressed, but partially rewatered S. arboricola plants, a 
specific A could be maintained at low Pc by a lower J, than in nonstressed plants. 
Additional presumptive evidence for an excessof electron flow, notably at high and low 
Pc in S. arboricola, came from the observations that 1) according to the A vs. Pc 
responses , lirnitation over C02 assirnilation would have been transferred from RuBP 
regeneration to rubisco capacity when Pc dropped below about 25 Pa (Fig. 7), whereas 
J, did not decrease until Pc dropped below about 20 Pa (Fig. 11) ; 2) in severely stressed 
S. arboricola leaves exposed toa high C02 partial pressure , A was insensitive to rising 
Pc (Fig. 7c), although J, did not show any decline (Fig. llc). 
Provitled that [(F'm-FsJIF',J yielded reliable estimates of <I>Psm the (apparent ?) 
inconsistency in the relationship between 1, and A could be indicative of water stressed 
induced changes in, I) the C02 1 0 2 specificity of rubisco which would have altered 
then for each Pc the ratio of the rate of RuBP carboxylation to that of RuBP 
oxygenation ; 2) the co2 release from processes other than photorespiration ; 3) the 
proportion of electrans allocated to alternative electron acceptars (e.g. 0 2 in the .Mehler 
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reaction and H20 2 in the aseorbale peroxidase reaction, further indicated as 
pseudocyclic electron flow) ; 4) the proportion of LHCII conneeled to PSII and hence, 
in the balance between linear electron flow and cyclic electron flow around PS!; 5) the 
balance between linear electron flow and cyclic electron flow around PSII. 
Alternatively, the inconsistency between J, and A observed upon water stress induction 
threw doubt upon the adequacy of [(F'm-FsJIF'"J as a direct measure of <I> Psn· 
The extent to which changes in photorespiratory activity could have accounted for the 
inconsistencies between J, and A and the possibility that any of the alternative 
mechanisms (pseudocyclic and cyclic electron flow, inconsistency in the relationship 
between [(F'm-F,)/F'm] and <I>Psu) would have been involved in these inconsistencies, has 
been addressed in chapter IV. 
In conclusion, it would not be too presumptuous to state that under photorespiratory 
conditions, the estimates of J, being derived as the product of [(F'm-F.)/F'm] (Genty et 
al., 1989), the PPF and a constant factor, which described the PSII absorption cross 
section, showed changes with changing Pc that could essentially account for possible 
changes in the electron requirements of the PCR and PCO cycles. The concerning 
observations supported the reliability of the chlorophyll f1uorescence based J, 
assessments. Nevertheless, merely information with respect to J, would not afford to 
predictA : owing to changes in photorespiratory activity with changing Pc• changes in 
J, were not necessarily reflected in changes in A or vice versa. Furthermore, the 
relationship between J, and A was species dependent Moreover, from the A vs. Pc and 
the J, vs. Pc responses derived that if water stress had been induced while maintaining 
Pc constant, a decrease in A would not have been ref1ected in an impairment of J,. 
Accordingly, it has been suggested that the capacity of photorespiration as a sink for 
the products emanating from linear electron flow would not have merely been 
dependent upon Pc· Alternatively, the relationship between J, and A could have been 
complicated because of the involvement of alternative acceptars in dissipa ti on of linear 
electron flow and/or of cyclic flow around PSI and PSII. Moreover, the inconsistencies 
in the relationship between J, and A might have ref1ected an intrinsic nonlinearity in the 
relationship between [(F'm-F,)/F'm] and <I>Psu· In the next chapter, we will elaborate 
further upon these possibilities. 
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Abstract 
In the present paper, we investigated the possibility of predicting under 
photorespiratory conditions rates of C01 assimilation (A), by using the empirical 
chlorophyll fluorescence index [(F'm-FJ/F'ml· In particular, rates of linear electron 
flow (JJ being derived as [O.S(F'm-FJ/F'mQ.] (Q. denotes the absorbed photosyn-
thetic pboton flux) were compared with assessments of the electron requirement 
associated to carboxylation and oxygenation (acVc+ao V J in two foliage pot plant 
species, notably Ficu.s benjamina and Schefflera arboricola. In general, the best 
agreement between J , and [acVc+et 0 V0 ] was found at high values of [(F'm-FJ/F'm], 
when C01 assimilation would have been limited by the capacity for RuBP 
regeneration. When [(F'm-F,)/F'ml was plotted against [(acVc+et 0V0)/Q.], the latter 
being an estimate of the quanturn yield of linear electron flow and further 
indicated as cj>J,, a nonlinear relationship appeared, reminiscent of that found by 
other researchers in isolated chloroplasts between [(F'm-FJ/F'ml and the quanturn 
efficiency of excitation capture by PSII reaction centers (cJ>PSn) or that found in 
intact leaves under nonphotorespiratory conditions between [(F'm-FJ/F 'ml and the 
quanturn yield of C01 assimilation (cJ>c02). Tbc relationship between [(F'm-FJ/F'ml 
and cj>J, seemed to be species dependent. Moreover, it changed upon water stress 
induction, implying that a single calibration curve is not suitable to translate, in 
all circumstances, measurement of chlorophyll fluorescence into cj>J,. The plasticity 
of the concerning relationship has been discussed. 
Abbreviations : A - rate of C02 assimilation ; F'rn and F, - maximurn (i.e. upon the 
application of a saturating light pulse) and steady state chlorophyll fluorescence 
intensity, respectively, in the presence of actinic light ; !..1,- proportion of photosynthetic 
products (ATP and NADPH) from linear electron flow being allocated to alternative 
electron acceptars ; fpsu - proportion of excitation energy that is transferred to and 
directly absorbed by the chlorophy11 a molecules of PSII; g, - conductance to diffusion 
of co2 from the ambient to the sites of carboxylation ; J, - rate of linear electron flow' 
derived from chlorophy 11 fluorescence ; LHCII - light-harvesting chlorophyll a-b 
complex associated with PSII ; Pc and Po- partial pressure of C02 and 0 2, respectively, 
in equilibrium with their respective dissolved concentrations in the chloroplasts ; PCO 
and PCR cycles - photosynthetic carbon oxidation and reduction cycle, respectively ; 
P; - orthophosphate ; PPF- photosynthetic photon flux ; PSI and PSII- photosystems 
I and II ; QA and Qa - primary and secondary quinonic electron acceptor of PSU, 
respectively ; Q. - PPF absorbed by the leaf ; <IN and qp - nonphotochemical and 
photochemical quenching coefficients of chlorophy 11 fluorescence ; Rd - rate of C02 
release in the light from processes other than photorespiration ; RuBP- ribulose-1,5-
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bisphospha te ; rubisco - RuBP carboxylasefoxygenase ; S,e1 - specificity of rubisco for 
C02 vs. 0 2 ; Vc and Va - rate of RuBP carboxylation and of RuBP oxygenation, 
respectively ; ac and a0 - stoichiometrie coefficient indicating the number of electrans 
associated with each carboxylation and oxygenation, respectively; LlpH- transthylakoid 
proton gradient ; r. - co2 photocompensation point ; 1(- ratio of the co2 solubility to 
that of 02 solubility ; <Pco2 - quanturn yield of co2 assimilation, derived here from gas 
exchange measurements as A/Q. ; <Pll - quanturn yield of linear electron transport, 
derived from the electron requirements associated with the PCR and PCO cycles and 
subsequent sucrose (or starch) synthesis; <PPsi and <I>Psn- efficiency of excitation capture 
by PSI and PSII reaction centers, respectively ; <j> 0psn- efficiency of excitation capture 
by open PSII reaction centers ; lf m- substrate mattic potential ; x - <I>Psn I [(F'm-F,)/F ml 
4.1. Introduetion 
With the introduetion of new chlorophyll fluorescence techniques, namely the light 
doubling procedure of Bradbury and Baker (1981) and the subsequent saturation pulse 
method and modulation technique (Ögren and Baker 1985 ; Schreiher et al . 1986), it 
became possible to resolve photochemical and nonphotochemical quenching components 
of chlorophyll fluorescence, thus unveiling the complex relationship between chlorophyll 
fluorescence yield and C02 assimilation. It was, however, not until the workof Weis 
and Berry (1987) and more recently , the workof Genty et al. (1989), that measurement 
of chlorophyll fluorescence, when obtained under nonphotorespiratory conditions at 
least, could be confidently translated into rate of C02 assimilation (A). Of the two 
approaches, the one of Genty et al. (1989) appears to be more attractive for routine 
assessments of C02 assimilation as it does not require darkening of the leaf. 
Genty et al. (1989) argued that the efficiency of excitation capture by photosystem 
(PSII) reaction centers (<!>Psn) can be providedas [(F'm-F,)/Fml. F'm being the maximum 
fluorescence intensity observed upon the application of a saturating light pulse in an 
illuminated leaf and F, the steady state fluorescence intensity. Several experiments with 
C3 plants, i.e . which were conducted under nonphotorespiratory conditions, as well as 
with C4 plants, revealed a linear pattem in the relationship between [(F'm-F,)/F'm] and 
the quanturn yield of C02 assimilation <<Pc02) (Genty et al., 1989). In addition to 
empirical evidence in favour of the "proposal of Genty" ; Havaux et al. (1991) derived 
via theoretica! analysis that [(F'm-F,)/F'm] would be an unbiased measure of <I>Psn· The 
practical implication of these findings is that [(F'm-F,)/F J should merely be multiplied 
with the photosynthetic photon flux (PPF) absorbed by the leaf (Q.) and with a factor 
that describes the proportion of excitation energy transferred to and directly absorbed 
by chlorophy ll a molecules of PSII (fp511), to provide the rate of linear electron flow .(JJ, 
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from which A can then be derived. The linear pattem observed between [(F'm-F,)/F'm] 
and <l>co2 under nonphotorespiratory conditions suggested that fpsu would be constant. 
More recently, however, the "proposal of Genty" has been questioned on the basis of 
the excitation-radical pair equilibrium model (Trissl et al., 1993). Moreover, from the 
analysis of a more extended series of measurements in intact leaves and still under 
nonphotorespiratory conditions, ernerged that the relationship between[(F'm-F,)/F'ml and 
<l>co2 was biphasic rather than linear (Seaton and Walker, 1990 ; van Wijk and van 
Hasselt, 1990 ; Öquist and Chow, 1992). The common condusion from these studies 
was that the linear pattem in the concerning relationship was confined to low [(F'm-
F,)/F'ml values, notably obtained at high PPF. The authors agreed that the data of several 
disparate species could be accommodated by an unique curve . Nonetheless , the curve 
was not universa! (Öquist and Chow, 1992). By using mass spectrometric measure-
ments, Genty et al. (1992) showed that the nonlinearity in the relationship between 
[(F'm-F,)/F'ml and the quanturn yield of oxygen evolution in intact leaves was attributable 
to pseudocyclic electron flow, implying that the relationship between [(F'm-F,)/F'm] and 
<l>rsu would be linear. Nevertheless, the latter has been refuted by Hormannet al. (1994), 
who derived <l>rsu, instead of <l>c02 , from oxygen uptake rates, measured polarographi-
cally in intact chloroplasts under controlled conditions with methyl vialogen and 
ferricyanide as electron acceptors. From this study emerged that the relationship 
between [(F'm-F,)/F'J and <l>rsu was in itself nonlinear, indicating thl}.t [(F'm-F,)/F'J 
should be multiplied with a modifier x as to translate it into <l>rsu· Again, the 
nonlinearity occurred at low PPF and it appeared to be very similar when [(F'm-F,)/F'm1 
was changed either by al tering the PPF or by addition of 3-(3,4-dichlorophenyl)-1 ,1-
dimethylurea to the chloroplasts (notably an inhibitor of linear electron flow). Hence, 
the modifier x would be merely dependent upon [(F'm-F,)/F'ml· 
The idea of predicting rapidly and nondestructively <l>c02 in the field (or greenhouse) 
from [(F'm-F,)/F'm], without recourse to gas analysis, is very attractive (Fredrick and 
Lemeur, 1995). Of course, it is evident that because of photorespiration, the relationship 
between [(F'm-F,)/F'm1 and <l>c02 (or A) would be more complex in field studies. Under 
photorespiratory conditions , the ribulose-I ,5-bis phosphate (RuBP) carbo-
xylasefoxygenase (rubisco) catalyzes the oxygenation of RuBP as well as its 
carboxylation. It has to be recognized that the reactions of the photosynthetic carbon 
oxygenation (PCO) cycle have a higher demand of ATP relative to that of NADPH than 
the reacrions of the photosynthetic carbon reduction (PCR) cycle have. Consequently, 
any change in the ratio of the rate of RuBP carboxylation (VJ to that of RuBP 
oxygenation (V0), as resulting for instanee from a change in the ambient partial pressure 
of C02 or in the stomatal conductance, would alter the requirement of A TP relative to 
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that of NADPH. Formation of ATP and NADPH may be poised via adjustments in the 
balance between linear electron flow on the one hand and cyclic electron flow around 
PSI on the other hand or alternatively, via adjustments in the balance between linear 
electron flow to NADP. on the one hand and to alternative electron acceptars (oxygen 
in pseudocyclic electron flow, nitrite or oxaloacetate) on the other hand (review by Fork 
and Herbert, 1993). Adjustments in the balance between cyclic and linear electron flow 
might be reflected in changes infp511 (review by Briantais et al., 1986 and by Fork and 
Satoh, 1986). Adjustments in the balance between linearand pseudocyclic electron flow 
will be reflected in changes in the parameter /,.. 1, which describes the proportion of ATP 
and NADPH from linear electron flow being used in pathways other than the PCR and 
PCO cycle. Variation in fps11 complicates the relatibnship between [(F'm-F,)/F'ml and 11, 
whereas changes inf..~r alter the relationship between J1 and A. Furthermore, changes in 
the C02 parrial pressure affect directly the V JV o ratio and consequently, the dis tribution 
of the products from linear electron flow between the PCR and PCO cycle reactions, 
obscuring as such the relationship between 11 and A (see chapter lil). 
Accordingly, a sound introduetion of chlorophyll fluorescence in predictions of <Pco2 can 
be achieved for photorespiratory conditions by frrstly, applying the [(1-/,..1,)/p511 X(F'm-
F,)/F'ml measure to assess the amount of electrans from linear electron flow, available 
for the PCR and PCO cycles, and secondly, by using biochemica! information to assess 
the distribution of electrans between the PCR and PCO cycles. Furthermore, the rate 
of C02 release in the light from processes other than photorespiration (RJ should be 
known to derive A. It is a priori not clear whether or not [(1-f,1,)fp511X] is a unique 
function of [(F'm- F,)/F'ml or in other words whether [(1-/,H,)fp511X] can be confidently 
predicted by using a calibration curve. 
In chapter lil, it was noticed that values of J1, being derived under photorespiratory 
conditions as [0.5(F'rn- F,)/F'mQ.] and hence, by assuming that [(1-/,..1,)fp511X] would have 
been 0.5, showed changes which seemed not always intuitive at frrst sight in view of 
concurrent observations of A. Notably, we pointed out that if leaves had been submitted 
to water stress while maintaining the intercellular parrial pressure of co2 constant, a 
substantial decreasein A would have occurred without any reduction in J,. Nevertheless, 
without any additional information with respect to Vc, V0 and Rd, it remained unclear 
to which extent such ineensistendes were merely attributable to changes in V JVo and 
or in Rd, or alternatively whether they could be viewed as due in part to changes infpsm 
h,1, or in x . Hence, with respect to the possibility of using the [(F'm- F,)/F'ml measure 
for prediering A, two lines can be considered. P.roviding that changes in V JV o and or 
in Rd explained any inconsistency between J1 and A and that these changes could be 
measured, the [(F'm- F,)/F'ml measure would still be amenable to predict <Pco2 and A. 
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Note that the V JVo ratio depends upon the C02 photocompensation point (r.) (Laing 
et al., 1974), which in turn can be derived from gas exchange measurements (Brooks 
and Farquhar, 1985). On the other hand, supposing that variation in fps11, ,t1, or x 
explained any inconsistency between J1 and A, the [(F'm- F,)/F'J measure would afford 
to predict <l>co2 if changes in fps11 , h 11 or x were uniquely determined by [(F'm- F,)/F'ml 
and if V JV o and Rd were known. 
In the present chapter, we used additional information concerning r. and Rd to trace 
back V c and V o from the observations of A, presented in chapter III. The assessments 
of Vc and V0 permitted to compute a measure of the quanturn yield of linear electron 
flow (<j>11) that accounted for the photosynthetic electron requirement, notably the 
electron requirement of the PCR and PCO cycles and subsequent sucrose synthesis. It 
was shown then that relationship between [(F'm- F,)/F'J and <!>11 was nonlinear and 
moreover, that was it was not unique, revealing that [(1-_t 11)fps11 X] would nothave been 
constant as wel! that it would nothave been merely determined by [(F'm- F,)/F'J. 
4.2. Materials and methods 
4.2.1. Drying cycle experiments and measurements 
Analysis was made with the observations, presented already in chapter lil, notably the 
observations of A, I1 (i.e. [0.5(F'm- F,)/F'mQJ) and of the parrial pressure of C02 in 
equilibrium with its dissolved concentrations in the chloroplasts (Pc) . 
In short (see chapter lilfora more detailed description), sirnultaneous gas exchange and 
chlorophyll fluorescence measurements were carried out in two C3 foliage pot plants 
species, i.e. Ficus benjamina cv. Exotica and Schefflera arboricola cv. Compacta. Gas 
exchange measurements were conducted with an open flow, gas exchange system, 
consisting of a compact COzfHP porometer (type CQP-130, Walz, Germany) which 
was connected to a differential C02 infra-red gas analyzer (Binos 100-4P, Rosemount, 
Germany) and to a temperature controlled (i.e. down and up to 2 o C of the ambient 
temperature) leaf cuvette (type PMK-10, Walz). Actinic light was provided toward the 
adaxial leaf surface. Gas exchange parameters were calculated according to von 
Caemmerer and Farquhar (1981). The conductance to diffusion of C02 from the 
intercellular spaces within the leaf to the sites of carboxylation, being required to 
calculate Pc, was derived for each leaf as 1.4 times of the maximal stomatal conductance 
(i.e . measured at a high PPF in nonstressed conditions) (Loreto et al., 1992). PSII 
chlorophyll fluorescence was measured sirnultaneously with gas exchange with a PAM 
(Pulse Amplitude Modulation) fluorometer (type PAM-2000, Walz). The fiber opties, 
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which was inserted into thc cuvcttc, was pointing towards the adaxial leaf surface. 
To allow the effects of water stress on the relationship between [(F'm- F.)fF'ml and <!>11 
to be evaluated, measurements were conducted during a drying cycle at distinct values 
of the substrate mattic potential ('I' m), i.e. -1.5 kPa, -7.5 kPa and -15 kPa and 12 hours 
following rewatering . Two experiments were conducted with plants grown under well 
watered conditions, except for the F. benjamina plants of Expt. II, which had been 
grown under a periodical water stress regime. In Expt. I, 'I' m dropped during the drying 
cycle from container capacity (-1 kPa) to -17.5 kPa. Then the plants were rewaterd to 
a 'I' m of -1.5 kPa. In Expt. II, the plants were submitted to a more severe water stress 
with partial rewatering to a 'I' m of -15 kPa when 'I' m had dropped to -50 kPa. Parrial 
rewatering was applied to allow measurements to be made under more severe water 
stress conditions. Note that owing tostomatal closure, gas exchange measurements were 
hampered at a 'I' m as low as - 50 kPa. 
At each measuring occasion, gas exchange and chlorophyll fluorescence were measured 
in eight leaves or leaflets, notably for a range of cuvette parrial pressures of C02, 
extending from 2 to 100 Pa. The PPF incident on the leaf averaged 340 ~moi.m·2 .s· ' in 
F. benjamina (with fluctuations from 330 ~moi.m·2 .s· ' to 350 ~moi.m·2 .s- 1 ) and 375 
~moi.m·2 .s · ' inS. arboricola (with fluctuations from 350 ~moi.m·2 .s· ' to 380 ~moLm· 
2.s-'). 
An additional series of gas exchange measurements was carried out to determine the 
C02 photocompensation point, r .. By definition, r. is the Pc at which C02 uptake from 
carboxylation equals C02 release from oxygenation. In order todetermine r., the linear 
part of the A vs . Pc response was measured at three PPFs, i.e. at 50, 150 and 350 
~moi.m·2 .s· ' . The Pc at the point where the three response curves intersected each other 
was taken as an estimate of r., whereas the corresponding A yielded Rd (Brooks and 
Farquhar, 1985). Note that r. was determined during the drying cycles of Expt. I and 
II, in particular in those leaves or leaflets selected for the concurrent measurements of 
A and 11 at varying Pc· 
4.2.2. Theory 
In this theoretica! session, we clarified 1) how rates of electron transport, being required 
to sustain the necessary A TP and NADPH consumption in the PCR and PCO cycles and 
in further sucrose synthesis as well, were assessed and 2) how these assessments were 
applied then to calculate <!>11 . 
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The rate of C02 assimilation, A, can be expressed as : 
A (1) 
The VJV0 ratio can bedescribed as follows (adapted from Laing et al., 1974) : 
Vj V0 -= 0.5 Pc I f . (2) 
Clearly, fora specific Pc• V JVo decreases with increasing f .. 
Elimillating V0 from Eq. (1) and Eq. (2) gives : 
Vc = ( A + Rd) Pc I ( Pc - f . ) (3) 
Rearranging of Eq. (2) gives the following expression for V o : 
(4) 
The use of equations (3) and (4) permits to derive Vc and V0 from gas exchange 
parameters and the knowledge of the aqueous phase conductance to C02. Note that the 
latter is required to assess Pc· 
Let acvc and a ov o denote the rates of linear electron flow required to sustain theevents 
following each carboxylation and each oxygenation of RuBP, respectively, where ac and 
Ci. 0 are stoichiometrie coefficients. The events that follow each RuBP carboxylation as 
wellas those following each RuBP oxygenation require 2 NADPH molecules (Farquhar 
et al., 1980) . Hence, in terms of the NADPH requirement, ac and CJ. 0 should be 4.00. 
It is more difficult to be precise about the electron requirement for ATP formation, 
which depends frrst of all upon the number of protons deposited in the intrathylakoid 
space for each electron during linear electron flow (H*Ie), secondly upon the number 
of protons discharged through the chloroplast A TPase for every A TP synthesized 
(WIATP) and thirdly on how many of the protons "pumped" into the lumen leak into 
the stroma without contributing to ATP synthesis. There is a considerably body of 
experirnental evidence that [W/ATP] should be 3 (Hangarter and Good, 1982 ; 
Strotmann and Lohse, 1988). The value of [W/e] has commonly been believed to be 
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2. However, the considerations alter if a Q-cycle operates (Ort, 1986). A maximum 
[Wje] of 3 canthen be entertained. More recently, it has been argued by Kobayashi et 
al. (1995) that thermodynamically, [W/ATP] should be 4 instead of 3 in case of a 
functioning Q-cycle. If only sucrose is made, the ATP requirement in the events 
following each carboxylation of RuBP (i.e. in the PCR cycle and the subsequent sucrose 
synthesis) and each oxygenation of RuBP (i.e. in the PCO cycle and the subsequent 
sucrose synthesis) equals 3.08 and 3.46, respectively (Sharkey, 1985). In case only 
starch is made, the respective ATP requirements are 3.17 and 3.42. Suffice is to say that 
much depends on the assumptions. If only sucrose were made, in the absence of an 
active Q-cycle and if in addition the appropriate [ATPjNADPH] ratio were achieved by 
linear electron flow to alternative electron acceptors, values of 4.6 and 5.2 should be 
used for cxc and CX 0 , respectively. If, however, an adequate [ATP/NADPH] ratio were 
achieved by cyclic electron flow, a value of 4 would be appropriate for cxc as well as 
for CX 0 • Unless specified otherwise, values of 4.6 and 5.2 were attributed in the further 
analysis to cxc and CX 0 , respectively. 
Finally, the quanturn yield of linear electron flow, <!>11, can be derived as : 
(5) 
Note that [cxcVc+cxoVo] can be derived from gas exchange analysis. The value to be used 
for h~r is a priori not known. In the further <f>11 calculations, it was set to 0. By doing 
so, <!>11 merely accounted for the electron utilization in the PCR and PCO cycles. 
Accordingly, it might have underestimated the actual quanturn yield of linear electron 
flow. On the other hand, by attributing values of 4.6 and 5.2 to cxc and CX 0 , the possible 
overestimation of the actual quanturn yield of linear electron flow might have reached 
[(0.6Vc+1.2V0)/Q.] in case cyclic photophosphorylation was involved in achieving a 
proper [ATPfNADPH] ratio. 
On the other hand, by setting in Eq. (5) iA1, to 0, the resulting <l>n equalled [(1-iA~r)fpsuX 
(F'm-F,)/F'ml Hence, the slope of the <!>11 vs. [(F'm-F,)/F'J relationship could be retained 
as a measure of [(1-fA~r)fps11 X]. 
127 
4.3. Results 
4.3.1. r. and Rd as affected by water stress intensity 
Values of Rd and of r. of F. benjamina for the various ':Pms have been sununarized in 
Table 1. Apparently, I'. was significantly higher in water stressed leaves (':P m being -7.5 
kPa and -15 kPa) than in nonstressed leaves (':P m being -1.5 kPa) (Expt. 1). The initia! 
r. was not re-established following rewatering to -1.5 kPa. On the other hand, r. was 
not significantly affected by ':P m when leaves had developed under periooical water 
stress conditions (Expt. 11). Rd remained relatively unaffected during the drying cycles, 
although it was substantially higher in leaves developed under periodical water stress 
conditions (Expt. 11) than those under well watered conditions (Expt. 1). 
TABLE 1 
The C02 photocompensation point (r., i.e. the chloroplast partial pressure of C02 
at which co2 uptake from carboxylation equals co2 loss from oxygenation, and 
the "day respiration" (Rd, i.e. the rate of C02 evolution in the light from processes 
other than photorespiration) in F. benjamina as affected by the substrate matric 
potential (':P "J for Expt. I and Expt. //. r. and Rd were determined according to the 
method described by Brooks and Farquhar (1985) . Gas exchange measurements 
being required to de termine r . and RtP have been carried out at a cuvette 
temperature of 26 o C and at three PPFs, being 50, 150 and 350 ~moi.m·2 .s·1• In 
bold : observations provided twelve hours following rewatering ; each value 
represents the average of eight observations ; in brackets : sample standard error 
of mean. 
Expt. I Expt. 11 
':Pm r. Rd r. Rd 
(kPa) (Pa) (~moi.m·2 .s . 1 ) (Pa) (~moi.m·2 . s· 1 ) 
- 1.5 4.1 a (0.3) 0.59• (0.12) 3.9· (0.3) 1.95" (0.11) 
- 7.5 5.9b (0.4) 0.57a (0.15) 
- 15 5.o•b (0.3) 0.54" (0.10) 4.3" (0.5) 1.74" (0.14) 
- 1.5 5.7b (0.3) 0.51" (0.11) 
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Means within a column that are foliowed by the same letter do not differ 
significantly (P : 0.05); Expt. I : Duncantest ; Expt. II : T- test. 
In S. arboricola, r. was also significantly higher in water stressed leaves than in 
nonstressed leaves (Table 2; Expt. I) . Yet, its value observed foliowing a drying cycle 
and subsequent rewatering was significantly lower than the control value observed prior 
to water stress induction. Note also that Rd was reduced by the water stress treatment 
and that it did reeover upon rewatering. In Expt. II, any increase in r. resulting from 
the exposuretoa severe water stress would have been reversed upon partial rewatering. 
TABLE 2 
The C02 photocompensation point (L, i.e. the chloroplast partial pressure ofC02 
at which co2 uptake from carboxylation equals co2 loss from oxygenation, and 
the "day respiration" ( Rd, i.e. the rate of C02 evolution from processes other than 
photorespiration) in S. arboricola as affected by the substrate matric potential 
('f .J for Expt. I and Expt. //. r . and ~ we re determined according to the method 
described by Brooks and Farquhar (1985 ).Gas exchange measurements being 
required to de termine r . and R,p have been carried out at a cuvette temperature 
of 23 o C and 27 o C for Expt. I and //, respectively, and at three PPFs, being 50, 
150 and 350 f.Lmol .m·2 .s·1• In bold : observations provided twelve hours following 
rewatering ; each value represents the average of eight observations ; in brackets 
: sample standard error of mean. 
Expt. I Expt. II 
lfm r. Rd r. Rd 
(kPa) (Pa) (f.J.moi.m·2.s·') (Pa) ( f.J.moi.m·2.s·') 
- 1.5 3.1 b (0.2) 0.80b (0.12) 5.1' (0.3) 0.51' (0.11) 
- 7.5 4.0c (0.3) o.so· (0.15) 
- 15 5. 1d (0.2) 0.423 (0.10) 5.1" (0.5) 0.63" (0.14) 
- 1.5 2.3" (0.2) 0.81b (0.11) 
Means within a column that are foliowed by the same letter do not differ 
significantly (P : 0.05) ; Expt. I : Duncan test ; Expt. II : T-test. 
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4.3.2. Agreement between [acVc+aoVol and J, as affected by the leafmetabolic state 
As gas exchange and concurrent chlorophyll fluorescence measurements were conducted 
at high PPF, and knowing that under nonphotorespiratory conditions,[(F'm- F.)/F'm1 is 
linearly related to <l>co2 at high PPF (Seaton and Walker, 1990 ; van Wijk and van 
Hasselt, 1990; Öquist and Chow, 1992), it could be surmised that [(F'm- F.)/F'm1 would 
have been directly proportional to <l>Jt or in other words that [(1-/A1,)fps11X] would have 
been constant. To verify this, we derived J, as [0.5(F'm- F.)/F'mQJ and compared 
subsequently J, with assessment of [ a cVc +a oV J . The [a cV c+ao V J values were derived 
from the observations of A (Fig. 5-8 ; chapter III), r. and Rct (Table 1 and 2), notably 
according to Eq. (3) and Eq. (4). Any change in the agreement between [aoVc+ a 0 V0 ] 
and J, could be viewed then as due to changes in [(1-fA 1,)fps11 X]. 
F. benjamina- Expt. I (Fig. 1) The curves depicting the response of J, and [acVc+a 0 V0 ] 
to Pc showed a steep increase with Pc rising up toabout 25 Pa. Further analysis of a cVc 
and a ov o (data not shown) revealed that, in nonstressed leaves ('P m = -1.5 kPa), a 
further increase in Pc from 25 Pa to 50 Pa, led to an increase in ac V c• yet its effect was 
essentially offset in [acVc+ a oV J by the effect of an almost similar decreasein a 0 V0 • 
At the higher Pc values within the concerning Pc range, the increase in a cV c was even 
more than opposed by the decreasein CX 0 V0 • Apparently, with Pc rising beyond 25 Pa, 
control over C02 assimilation would have been transferred from the capacity of rubisco 
to consume RuBP to the capacity of the thylakoids and the Calvin cycle to regenerate 
RuBP (as was suggested already in chapter III from the observations of J, and A). With 
a further rise in Pc beyond 50 Pa, a cVc as well as a oVo decreased, which obviously 
resulted in a decreasein [aCVC+ a oVJ . The decreasein a cv c with rising Pc could be 
interpreted as indicating that co2 assimilation was limited by the capacity for pi 
regeneration (see again chapter III) . When 'P m dropped to -15 kPa, the decline in acVc 
was discernable already at a Pc of 22.5 Pa, suggesting that the capacity for Pi 
regenera ti on was more sensiti ve to water stress than the other constituent processes of 
co2 assimilation were. 
Broadly speaking, it could be stated that J, agreed quite well with [acVc+a0 VJ . 
Nevertheless, J, was slightly higher than [ ac V c +ao V J at high Pc and, for 'P m being -15 
kPa, at low Pc as well. Provided that the assumptions of [(F'm- F5)/F'm1=<l>Psn and/PS1=0.5 
were appropriate and because in calculating [acVc+aoVJ, ac was set to 4.6 and a0 to 
5.2, the close agreement between J, and [acVc+a 0V0 ] could be interpreted as being 
indicative of a close match between the A TP generated by linear electron flow on the 
one hand and the photosynthetic ATP demand, notably the ATP demand in the PCR and 
PCO cycles and subsequent sucrose synthesis, on the other hand. Likewise, it revealed 
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that the supply of reductants emanating from PSII activity would have been in excess 
of its demand in the PCR and PCO cycles. The excess would have amounted to 
[0.6V c + 1.2V J. Further calculations (data not shown) with cx c=cxo =4 unveiled that almost 
20% of the reductants resulting from PSII activity would have been allocated to 
alternative pathways (i.e. different from the PCR and PCO cycles). 
F. benjamina - Expt. li (Fig.2) The contention that the agreement between J1 and 
[ cx c V c + CX 0 V J deteriorated under more severe water stress condi ti ons was further 
consolidated by the observations of Expt. II. Especially for 1f rn being -15 kPa, 
[cxcVc+cxoV J was reduced to 20 j..l.mol.m·2.s·1 while 11 still reached 60 j..l.mol.m·2.s·1• 
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FIG. 2 The rate of linear electron flow (11 = 0.5(F'm-Fs)IF'mQa ; closed 
symbols) and the photosynthetic electron requirement (a, V, +a0 V0 , 
where V, and Vo denote rates of carboxylation and oxygenation of 
RuBP, respectively where a , = 4.6 and a 0 = 5.2) (open symbols) 
vs. the chloroplast parrial pressure of C02 (p) in F. benjamina 
(Expt . //) . Plants were submitted to subsequent drying cycles with 
rewatering at a 'lt m of -50 kPa to container capacity. Measurements 
were carried out in the eighth drying cycle at a 'lt m of -1.5 kPa (a) 
andfollowing parrial rewatering to a'lt mof -15 kPa (i.e . to allow for 
gas exchange measurements) when 'lt mhad dropped to -50 kPa (b). 
Cuvette temperafure during the measurements amounted to 26 oe; 
PPF variedfrom 330 to 350 p.mot.m·2.s·1• Unbroken and braken lines 
represent the curvesfitred to the observations of 11 and [a, V, +ao V J, 
respecti vely. 
S. arboricola - Expt. 1 (Fig. 3) Sirnilarly as inF. benjamina, [acVc+a 0V 0 ] increased 
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with rising Pc up to a Pc of about 25 Pa, indicating that limitation of C02 assimilation 
would have been transferred again at a Pc of 25 Pa from the capacity of rubisco to flx 
C02 to the capacity of the thylakoids and the Calvin cycle for RuBP regeneration (see 
again chapter III). Further analysis of the data showed that for 'f' m being -15 kPa, acVc 
decreased with increasing Pc beyond 25 Pa. For the other 'f' ms, it steadily increased. 
Arguably, Pi regeneration limited C02 assimilation would have occurred only under 
severe water stress conditions. However, the possibility that Pi regeneration limited C02 
assimilation would have occurred for 'f' m being -15 kPa, was contradicted by the J1 
observations which did not show any decline at high Pc· 
In general, the pitch of the 11 responses was much steeper than that of the [acVc+a 0V0 ] 
responses. Moreover, 11 saturated at a lower Pc than [acVc+aoVJ did, resulting 
accordingly in a separation between both curves. For 'f' '" being -1.5 kPa, the separation 
was most pronounced at an intermediate Pc (about 10 Pa), notably when C02 
assimilation would have been limited by the capacity of Rubisco to fix RuBP. Both 
curves converged with rising Pc while control over C02 assimilation would have been 
transferred to the capacity for RuBP regeneration. In water stressed plants, in contrast, 
[acVc+aoVJ remained considerably lower than 11, irrespective of Pc· 
S. arboricola - Expt. II (Fig. 4) The observations of Expt. II supported the findings of 
Expt. I, with this difference that the disparity between 11 and [a cV c +ao V J for 'f' m being 
-15 kPa was less pronounced than in Expt. I. Presurnably, carboxylation and 
oxygenation reeavered partially upon rewatering . 
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latter being provided 
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F1G. 4 The rate of linear electron flow (1, - 0. 5 (F'm-FsJ IF'mQa ; closed 
symbols) and the photosynthetic electron requirement (ac Vc +a0 V0 , 
where Vc and Vo denote rates of carbOJ.:ylation and oxygenation of 
RuBP, respectively where ac = 4.6 and a0 = 5.2) (open symbols) 
vs. the chloroplast partial pressure of C02 (pc) in S. arboricola. 
Measurements were carried outduringa drying cycle (Expt . I/), i .e. 
at a substrate matric potenrial ('Ir nJ of -1 .5 kPa (a) and at a 'Ir m of 
-15 kPa (b), the latter following partial rewatering when '~'m had 
dropped to -50 kPa (i.e . to allow for gas exchange measurements). 
Cuvette temperature during the measurements amounted to 27 oe; 
PPF variedfrom 350 to 380 J-tmol.m·2.s-1• Unbroken and broken lines 
represent the curves fitred to the observations of 1, and [ ac Vc + a 0 V J, 
respectively. 
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4.3.3. Relationship between [(F'm-F,)/F'm1 and <J>J, 
Clearly, the dependenee of the agreement between J, and [acVc+a 0 VJ upon the leaf 
roetabolie state and the water stress intensity (Fig. 1-4) unveiled that, even at a constant 
and high PPF, merely information of f(F'rn-F,)/F'rn1 did not suffice to predict <!>1,. Clearly, 
[ ( 1-f,1r)fpsuX] could not be treated as a constant. It has been pointed out already, nota bi y 
from measurements under nonphotorespiratory conditions, that if one wants to predict 
co2 assirnilation from chlorophyll fluorescence, one has to identify first the exact 
relationship between [(F'rn-F.)JF'.J and <l>c02 (Seaton and Walker, 1990 ; Öquist and 
Cho,w. 1992}. Accordingly, and because under natura! conditions, photorespiration is 
invo1ved in hght energy dissipation as well, we established the relationship conneering 
HF'm-F,)fF'"'] to <!>1, (instead of <l>c02). For doing so, we used the observations of Expt. 
I obtained prior to water stress induction (notably for 'I' rn being -1.5 kPa). 
The curves relating [(F'rn-F,)/F' rnl to <!>1, (Fig. 5) were reminiscent of these derived under 
nonphotorespiratory conditions, notably relating [(F'"'-F,)/F'.J to <l>c02 (Seaton and 
Walker, 1990; Öquist and Chow, 1992), in that they showed an inflection from a linear 
toa nonlinear response at high [(F'rn-FJ/Frnl: a given change in <f11, was accompanied 
by a smaller change in [(F'm-FJ/F'rnJ at. a high [(F'rn-F,)/F'rn1 than at a low [(F'rn-F,)/F'J. 
The inflection occurred at a lower [(F'rn-F.)JF' rn1 in S. arboricola (i.e. 0.4) than in F. 
benjamina (i.e. 0.5). Note that the inflection in Seaton and Walkers curve occurred also 
at a [(F"rn-F~)fF'm1 of 0.5 (Seaton and Walker, 1990). 
The oonlinearity could be viewed as due to changts in [(1-f. 11)fpsuX] with changing 
[(F'rn-F,)/F'rn], whereas the disparity in flhe; tw,o, species cal~li>xraî!iÏ(()tl, ~e_ a1! high E€Frn-
F.)/F'rnl illustrated that the [(1-fA1,)/11810lit] modiofiit~t ro•li>R: usefb fora; SJ!)ecific [(Fm-F~)/F'm], 
was species dependent. 
137 
0.8 
0.6 
E 
!!: 
-;. 0.4 
'+ E 
~ 
0.2 
• 
0.0 L.___JL.___JL_____J _ ___J _ ___! _ __i _ __i _ _j 
0.0 0.2 0.4 0.6 0.8 
FIG. 5 The relationship between the quanturn efficiency of excitation capture 
by PSII reaction centers, derived as [(F 'm-F) !F',J (Genty et al. 1989) 
and a rneasure of the quanturn yield of linear electron transport (1/J Jt) 
in nonstressed F. benjarnina (closed syrnbols ; unbroken lines 
represent 95% confidence intervals of fitred curve) and S. 
arboricola (open syrnbols ; braken lines represent 95% confidence 
intervals of fitred curve). Observations frorn Expt. I, substrate 
rnatric potenrial -1 .5 kPa (i.e. prior to water stress induction). 
Values of !/J11 were derived according to Eq. 5 where cxc = 4.6, cx0 
= 5.2 and !ALt = 0). 
4.3.4. Predictions .of <!>J, from [(F'm-FJ/F'm1 observations 
To assess the appropriateness of the <!>1, vs. [(F'm-F,)/F'ml calibration curves, we applied 
them to independent observations of [(F'm-F,)/F'm], notably to the observations from 
Expt. I obtained under water stress conditions as wellas to the observations from Expt. 
II. Predicted <I>Jt was compared against measurement, derived according to Eq. 5. 
138 
The <!>11 observations from water stressed F. benjamina leaves (Expt. I) were predicted 
quite well, although there was a slight tendency toward overestimation forthese values 
obtained at a 'P mof -15 kPa (Fig.6). On theether hand, the calibration curve could not 
be applied successfully to F. benjamina leaves developed under periodical water stress 
conditions (Expt. II). In general, <j>11 was substantially overestimated. Similarly, the <PJt 
estimates of water stressed S. arboricola leaves were biased away from their actual 
values (Fig. 8). Apparently, in F. benjamina leaves developed under periodical water 
stress conditions as well as in water stressed S. arboricola leaves, [(1-.f.1,)fps11 X] would 
have been reduced implicating that it could not merely be considered as a function of 
[ (F' m-F ,)/F' ml 
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FIG. 6 Measured and predicted quanturn yield of linear electron transport 
(c/>11) in F. benjamina. Closed circles : substrate matric potential 
('Ir "J = -7.5 kPa ; open circles : 'Ir m = -15 kPa ; asterisks : 'Ir m = 
-1 .5 kPa, yetfollowing rewatering. Observationsfrom Expt. I (see 
Fig . 1 for further details). Predieled c/>11 derivedfrom [(F 'm-Fs)IF',J, 
i.e. by applying the empirica! equation shown in Fig . 5. Measured 
c/>11 : derived according to Eq. 5 where ac = 4.6, a 0 = 5.2 and fAtt 
= 0. 
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FIG. 7 Measured and prediered quanturn yield of Linear electron transport 
(1>1,) in F. benjamina. Closed circles : substrate matric potenrial 
('lt ") = -1.5 kPa ; open circles : 'lt m = -15 kPa, yet following 
partial rewatering. Observations from Expt. 1I (see Fig. 2for further 
details). Prediered 1>1,: derivedfrom [(F'm-Fs)IF'"J, i.e. by applying 
the empirica[ equation shown in Fig. 5. Measured 1>1, : derived 
according to Eq. 5 where a c = 4.6, ct0 = 5.2 andfAit = 0. 
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F1G. 8 Measured and prediered quanturn yield of linear electron transport 
(cjJ 11) inS. arboricola. Closed circles : substrate matric potenrial ('I' nJ 
= -7.5 kPa; open circles: '~'m = -15 kPa; asterisks: '~'m = -1.5 
kPa, yet following rewatering. Observations from Expt. I (see Fig. 
3 for further details). Predieled c/J11 : derivedfrom [(F'm-Fs)/F'nJ, i.e. 
by applying the empirical equation shown in Fig. 5. Measured cjJ11 
: derived according to Eq. 5 where ac = 4.6, a 0 = 5.2 andfALt = 
0. 
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4.4. Discussion 
From a theoretica! point of view, [cxcVc+ cx oVJ can be obtained from the analysis of 
di.lorophyll fluorescence, notably as [(1-f11,)/p511 x(F'm-F,)/F'mQJ . In this expression, the 
x factor corrects for any disparity between [(F'm-F,)/F'ml and <j>p511 , the fpsu factor 
describes the light distribution between the photosystems, whereas the (1-/A1,) factor 
accounts for the fact that what happens in a leaf must necessarily encompass more than 
the transport of electroos from water to NADP. Accordingly, if [(1-fw)fp511 x] were 
known, it would be possible to assess [cxcVc+cxoVol from [(F'm-F,)/F'ml measurement. 
Moreover, provided that Rd, Pc and r. were known as well, it would be possible to 
translate [ cxcVc +cxo V J into A . Nevertheless, we hasten to add that to infer Pc, A as well 
as the conductance to diffusion of co2 from the ambient to the sites of carboxylation 
(g,) have to be known. Hence, it is not realistic to assurne that Pc can be inferred while 
A should still be predicted. In this regards, it makes more sense to consider the 
possibility of prediering A from [cxCVC+cx OVO], Rd, r. and g,. That this is a possibility, 
has been illustrated in the appendix. 
The success of using the [(F'm-F,)/F'ml measure for prediering [cxcVc+cxoVol can be 
connected to the extent to which the dependenee of x, fpsu and h 1, can be modelled in 
an environmental context. Unfortuitously, their is little guidance for treatrnents of the 
dependenee of x,fp511 andh1, on environmental factors . Hence, [(1-h1,)/p511 x] should be 
determined empirically. Consequently, from a practical point of view, it can be pointed 
out that [(F'm-F,)/F'ml would be a measure suitable to predict [cxcVc+cxoV J if [(1-
/..1,)fp511X] were a unique function of [(F'm-F,)/F'ml The possibility to use [ex cV c +cxo V 0 ] 
for prediering A depends upon the extent to which Rd, r. and g, can be identified or 
alternatively, to the extent to which they can be predicted. Methodology for doing so 
has not been addressed in the present study. We recurred to gas analysis to identify 
these parameters. 
4.4.1. The agreement between J, and [cx.V.+cxo V0 ] 
In a preliminary analysis (chapter III), we calculated J, as [0.5(F'm-F,)/F'mQJ. In doing 
so, we assurned that [(F'm-F,)/F'ml equalled <!>Psn (or in other words that x equalled 1) 
and thatfpsu amounted to 0.5. From the analysis of the observations of chapter III, we 
found that if water stress had been induced while maintaining Pc constant, A would have 
been substantially reduced (Fig. 5-8, chapter III), whereas J, would have remained 
relatively unaffected (Fig. 9-12 ; chapter III). Such differential changes in J, and A 
could be interpreted as being indicative of a favoured allocation of reductants to 
photorespiration or to alternative pathways or altematively, of any inadequacy in the 
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assumptions underlying the calculations of J,. 
The first possibility, suggesting water stress enhanced photorespiratory activity, has been 
featured also by Comic et al. (1992). That a favoured photorespiratory activity could 
indeed have been a possibility to explain the inconsistency between J, and A, 
discernable upÜn water stress induction, derived from the enhancement in r. (Table 1 
and 2 ; Expt. I ; see in this regards also Eq. 2). The increase in r. following water 
stress induction could be explained by writing r. as [0.5p0 f (K S,e~)J (adapted from 
Laisk, 1977), where Po denotes the partial pressure of 0 2 in equilibrium with its 
dissolved concentrations in the stroma, K the ratio of the solubility of C02 to that of 0 2 
and S,e1 the specificity of rubisco for C02 vs. 0 2 • Consiclering that S,el merely relies 
upon temperature (review by Sage and Reid, 1994) and because temperature was held 
constant during the various measurements, S,e1 could be treated as a constant. Hence, the 
increase in r. with water stress deveJopment had to be attributed to a decrease in K. 
Dehydration might have lowered the stromal pH (Salisbury, 1994) and therefore also 
the solubility of C02• 
Nevertheless, it should be emphasized that r. merely describes the ratio of V0 to Vc. 
Consequently, it would have been too presumptuous to conclude from an increase in r. 
that photorespiration fully accounted for maintenance in J, while A decreased, as had 
been done by Comic et al. (1992). That an increase in photorespiration did not suffice 
to explain the inconsistency between J, and A, derived from the assessments of 
[acVc+a 0 V J. In Expt. I with F. benjamina (Fig. 1), (acVc+et 0V0 ] was relatively 
unaffected by water stress. Hence, in the concerning experiment, a decline in a cVc upon 
water stress induction was cancelled out in [acVc+a0 V0 ] by opposed changes in a 0V0 • 
On the other hand, in Expt. II (Fig. 2) as well as in both experiments with S. arboricola 
(Fig. 3 and 4) , the maintenance of J, could not merely be explained in termsof [acVc+ 
et 0V0] . Clearly, the enhancement in r., being observed inS. arboricola (Table 2; Expt. 
I) , did notlead to an increase in et 0 V0 or alternatively, when it led to an increase in 
<X 0 V 0 , this effect was more than cancelled out in [ ac V c + <X 0 V 0 ] by the effect of the 
decrease in a cv c. 
On balance, the discrepancy between J, and (acVc+et 0 V0 ] was most apparent at low Pc 
when C02 assimilation would have been limited by the capacity of rubisco to fix RuBP 
(i.e. inS. arboricola and in water stressed F. benjamina plants) and at a high Pc, when 
C02 assimilation would have been limited by the capacity for P; regeneratien (note that 
inS. arboricola , the latter would have occurred only in water stressed leaves) (Fig. 1-4). 
Conversely, the ciosest agreement between J, and [aCVC+a OVO] was observed when co2 
assimilation would have been limited by the capacity of the thylakoids or the Calvin 
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cycle to regenerate RuBP, hence when feedback of carbon metabolism on linear electron 
flow was released. 
From the plasticity of the relation between [(F'm-F,)/F',J and [aYc +aoV J, it was 
evident that chlorophyll fluorescence measure ment could not he translated into rate of 
col assimilation, even so the "day" respiration and the partitioning of products of 
linear electron flow between carboxylation and oxygenation were known. Various 
factors could have been involved in the plasticity of concerning relationship : 1) the 
relationship between [(F'm-F,)/F',J and <!>Psu could have been nonlinear ; 2) fpsu could 
have been variabie; 3) fA 1, could have been variable . 
In the following paragraph, we will comment on these various possibilities. 
4.4.2. The nonlinearity and the nonuniformity of the [(F'm-FJ/F'm1 vs. <l>rsn 
relationship 
Genty et al. ( 1989) suggested that <!>Psn would be determined by the product of the PSII 
reaction center "openness" (provided by qp) and the efficiency of excitation capture by 
open PSII reaction centers (<j>0 psu). They argued that the coneerDing product could be 
derived from the analysis of chlorophyll fluorescence as [(F'm-F,)/F'mJ. Nevertheless, the 
view that <I>Psn would be merely determined by the degree of PSII reaction center 
"openness" and the efficiency of excitation capture by open PSII reaction centers could 
be challenged in case of partial conneetion of PSII units. Indeed, if PSII units are 
connected, excitation energy may escape for instanee from units with closed reaction 
centers to units with open reaction centers and, accordingly, still give rise to electron 
flow. Another possibility of energy transfer, again illustrating that Genty's approach 
must at least remain sub judice, is likely to occur when the enhancement of the rate 
constant of thermal de-excitation is nonuniform throughout the photosynthetic apparatus, 
with a first popuiatien of PSII units, which underwent a transition leading to a high rate 
constant for thermal de-excitation, and a second population of PSII units, which 
rnaintaio their low rate constant forthermal de-excitation (Weis and Lechtenberg, 1989). 
Excitation energy can be transferred then from an open reaction center associated to a 
PSII unit with a low rate constant of thermal de-excitation to an open reaction center 
associated toa unit with a high rate constant and in this regards, it can be dissipated to 
heat instead of being used for photochemistry. 
In addition, it should be pointed out that in case of conneetion of PSII units, the 
fluorescence parameter used in the "Genty approach" to describe PSII reaction center 
"openness" would actually overestimate center "openness",. while the fluorescence 
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parameter used to describe excitation capture efficiency by open PSII reaction centers 
(see chapter III) would underestimate the actual efficiency (Havaux et al., 1991). 
Whether or not [(F'm-FJ/F'ml would bethen an unbiased estimate of <I>Psii> has notbeen 
resolved yet. Analysis made with various mathematica! models, that describe the 
kinetics of the primary reacrions within PSII units, provided conflicting answers 
(Havaux, 1991 ; Trissl et al., 1993). Nevertheless, it is not clear yet which model 
represents most adequately the underlying biophysical system. Hence, the conclusions 
resulting from the modeHing activities have to be taken with a pinch of salt anyway. 
Van Wijk and van Hasselt (1990) attributed the nonlinearity between [(F'm-F.)/F'ml and 
<I>Psn (the latter obtained under nonphotorespiratory conditions from <l>coz) to different 
populations of chloroplasts, measured by chlorophyll fluorescence (i.e. the upper cell 
layers' chloroplasts) on the one hand, and by gas exchange (the chloroplasts of the 
various celllayers) on the other hand. Indeed, because of the light gradient in the leaf, 
the state of the chloroplasts from upper cell layers differs in general from that of 
chloroplasts from lower cell layers. Any effect of differential excitation on the 
discrepancy between chlorophyll fluorescence and co2 assimilation would be most 
pronounced at low light intensities and would attenuate with increasing light intensities. 
Further elaborating upon this line of thought and consiclering accordingly that the 
chloroplast populations measured by fluorescence were exposed to a higher light 
intensity than those measured by gas exchange, it could be expected that J, would have 
levelled off at a higher Pc than [ acVc +ao V J would have done, or in other words, that 
the [(F'm-F.)/F'm )] vs . <)>1, relationship would have been concave. This, however, was 
contradicted by the observations of Fig. 1-4 as well as by the convex pattem in the 
curves of Fig. 5. We sort of think that the C02 gradient within the leaf, rather than the 
light gradient, might have explained the convex shaped pattem discernable in [(F'm-
F.)/F'ml vs. <I>PSn plots. 
Empirica! evidence for the premise that the relationship between [(F'm-F.)/F'ml and <I>Psn 
would be intrinsically nonlinear comes from the work of Hormann et al. (1994) with 
isolated chloroplasts. Furthermore, the nonlinear curve, derived in the concerning study, 
appeared to be unique. Hormann et al. (1994) attributed the nonlinearity to PSII 
heterogeneity, with two or more PSII populations displaying different fluorescence 
characteristics. The dosure of the reaction centers at high <I>Psn of a population of 
"inactive" PSII units with unconnected antenna units and with inefficient QA - Q8 
electron transfer would lead to a significant decrease in <I>Psn. though the associated 
reduction in [(F'm-F.)/F'ml would be very small. Below a critical [(F'm-Fs)/F'ml all 
"inactive" PSII reaction centers would be closed. Accordingly, <I>PSn would further 
decrease linearly with decreasing [(F'm-F.)/F'm]. Nevertheless, it is not clear yet why 
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ciosure of "inactive" PSII reaction centers would not affect [(F'm-FJ/F'J . 
The nonlinear pattem observed in the present study for photorespiratory conditions and 
intact leaves in the relationship between [(F'm-F,)/F'ml and <!>11 (Fig. 5), was reminiscent 
of that found in isolated chloroplasts between [(F'm-F,)/F' J and <j>p511 , advancing the 
possibility that the inflection in the relationship between [(F'm-F,)/F'ml and <l>n would 
have been due in the first place to a fundamental feature in the relationship between 
linear electron flow and fluorescence. Under this assumption, the nonlinearity could be 
viewed as due to changes in x. The differences in the two species nonlinear regression 
curves, however, suggested that there would exist species differences in x, even so from 
the analysis of [(F'm-F,)/F'ml and <l>co2 observations obtained in intact leaves of 21 
disparate species, yet under nonphotorespiratory conditions, has emerged that x would 
be uniquely determined by [(F'm-F,)/F'J, regardless of the species (Seaton and Walker, 
1990). 
When we accounted for the possible dependenee of x upon [(F'm-F,)/F'ml. notably by 
multiplying the observations of [(F'm-F,)/F'm], obtained in water stressed plants, with the 
[(1-fA1,)fps11X] modifying function, derived from the simultaneous measurements of [(F'm-
F,)/F'ml and <!>11 in nonstressed plants, <!>11 cou1d not be predicted successfully (Fig. 7 and 
8) . Apparently , even in a specific species, x would nothave been uniquely determined 
by [(F'm-F,)/F'J, which seemed nevertheless rather unlikely in view of the observations 
of Hormann et al. (1994), or alternatively, [fps11(1-fA1,)] would not have been a unique 
function of [(F'm-F,)/F'J . 
The practical implication of the variability in the [(F'm-Fs)!F',J vs. <!>1, relationship is 
that in order to use the [(F'm-F,)/F',J chlorophyll fluorescence measure for predicting 
rate of C02 assimilation, the curve relating [(F'm-FsJ/F',J to <!>1, should be properly 
calibrated, notably for the concerning species as wel! as for the prevailing plant's 
physiological state. 
4.4.3. The possibility of changing /PSII 
Assuming that there existed a unique x for every [(F'm-F,)/F'm], the plasticity of the 
relationship between [(F'm-F,)/F'ml and <!>11 (Fig. 7-8) suggested that various (fps11{1-/,H,)] 
values could be assigned toa single [(F'm-F,)/F'J . Indeed, the observations of Fig. 7 and 
8 allowed to infer that if [(F'm-F,)/F'ml had been held constant upon water stress 
induction, for instanee by maintaining Pc constant, [fps11(1-fA 1,)] would have decreased. 
This possibility conflicted with the fmdings of Seaton and Walker (1990) that there 
would exist a unique ifps11(1-fA 1,)] for every [(F'm-F,)/F'ml · Nevertheless, Seaton and 
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Walker's experirnents were conducted under nonphotorespiratory conditions. Anyway, 
it might seem not intuitive how photorespiration would have been in vol ved in the 
plasticity of the relationship between [fpsu(1-[41,)] and [(F'm-F,)/F'ml· 
The possible role ofphotorespiration in variatien of [fp5u(1-.f. 11)] can be understood from 
the interaction that 1) the electron requirement to sustain the necessary ATP formation 
for carboxylation as wellas that to sustain the necessary ATP formation for oxygenation 
are higher than those required to sustain the necessary NADPH formation for the 
respective processes ; 2) the excess of electron requirement related to ATP formation, 
which is dependent upon the Q-cycle activity, is more pronounced for oxygenation than 
for carboxylation ; 3) the excess of electron demand associated to ATP formation can 
be satisfied by pseudocyclic electron flow or by cyclic electron flow around PSI ; 4) 
any change in pseudoyclic electron flow results in a change in .f.1" whereas changes in 
cyclic electron flow may involve changes in fpsu ; 5) accordingly, changes in V JVc 
would lead to a changes in !. 11 or fpsu· 
Consequently, and knowing that water stress led to an increase in r. inS. arboricola 
(Table 2 ; Expt. 1), it could be inferred from Eq. (2) that, for Pc being held constant, 
V JV c and the excess of electron demand associated to A TP formation as well would 
have increased upon water stress conduction. On the other hand, from Fig. 3 derives 
that [(F'm-F,)/F'ml would have remained relatively unaffected. Assuming then that the 
increase in the excess electron requirement for A TP formation had been satisfied by 
cyclic electron flow around PSI, an increase in V JV c would have required an 
enhancement in the electron flux through PSI relative to that through PSII. Differential 
changes in the electron fluxes through PSI and PSII could have been accomplished by 
an increase in <PPSJ<hsn or alternatively, by a decrease infpsu· Accordingly, it is notall 
unlikely to assume that, under photorespiratory conditions, fpsu would have decreased 
upon water stress induction, even if [(F'm-F,)/F'ml had remained constant. In other words, 
changes infPSu might have explained indeed in part the plasticity observed in the [(F'm-
F,)/F'ml vs. <PJt relationshi p. 
lt could be questioned then if the plasticity in the [(F'm-F,)/F'ml vs. <P1, relationship could 
have been fully attributable to changes in fp511 , providing that changes in fpsu were 
merely required to poise ATP and NADPH. With [Hïe] being 2 for linear electron flow 
and 1 for cyclic electron flow around PSI (i.e. in the absence of an active Q-cycle) and 
with [W/A TP] being 3, the extra electron requirement associated to ATP formation in 
the PCR and PCO cycles and subsequent sucrose synthesis equals [0.6Vc+1.2V0 ] if it 
is sustained by linear electron flow, or to [1.2Vc+2.4V0 ] in case it is sustained by cyclic 
electron flow around PS I. lnasmuch as the extra electron requirement associated to A TP 
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formation is satisfied by cyclic electron flow around PSI and providing that the only 
role of cyclic electron flow is to poise A TP and NADPH formation, the ratio of cyclic 
to total (cyclic + linear) electron flow arnounts to (1.2Vc+2.4V0)/(5.2Vc+6.4V0 ) (it 
should be acknowledged that the concerning expression does not account for any 
differential ATP to NADPH demand in metabolic cycles other than the PCR and PCO 
cycles and sucrose synthesis) . If the adjustments in the balance between linear and 
cyclic electron flow are accomplished then by changes in fpsu, with both photosystems 
operaring at the sarne efficiency, and knowing that in linear electron flow, at least two 
photons are required to power the transport of one electron, whereas the minimum 
photon requirement in the transport of an electron in cyclic electron flow around PSI 
is only one, D.fpsu can be approximated by 0.5/1 [(0.6Vc+1.2V0)/(4.6Vc+5.2V0 )], where 
D. denotes a small, but fmite change in the respective variable . Hence, when applied to 
the observations of S. arboricola from Expt. I, we found that for each of the [(F'm-
F,)/F'mJ values, D.fpsu would not have exceeded 0.005. Suchlike changes in fpsu could 
nothave explained the disparity in measured and predicted <)>11 of Fig. 8. 
According ly, variability in the requirement of ATP relative to NADPH resulting from 
changes in photorespiratory activity, was unlikely to be the main cause ofthe plasticity 
of the relationship between [(F'm-F,)/F',J and <l>1r In this respect, the plasticity of the 
relationship between [(F'm-F,)/F',J and <)>1, (Fig. 7 and Fig. 8) would not have 
essentially been due to changes in fpsu· 
Nevertheless, it is known that the formation of the proton gradient associated to cyclic 
electron flow around PSI has, apart from its (possible ?) role in poising ATP and 
NADPH formation, an important function in affecting down regulation of PSII 
(Kobayashi and Heber, 1994 ; Heber et al., 1995). Sirnultaneous measurements of <I>Psi 
and <l>rsn in intact leaves revealed that <l>rsn decreased substantially more than <I>Psi when 
supply of C02 was restricted (Gerst et al., 1995), suggesting that cyclic electron flow 
was favoured substantially at low C02. Anyway, even so changes in <I>PsJ<I>Psn reflect 
changes in the balance between cyclic and linear electron flow, they do not necessarily 
reflect changes in fpsu· 
4.4.4. The possibility of changing 1.11 
Because the possible decrease in [fpsu(1-iA1J] upon water stress induction could not 
sufficiently be explained in terms of a decrease in fPSu (see foregoing), the alternative 
possibility of an enhancement in iA," could be considered. The belief thatiA1r would have 
changed rather than fpsu, fitted in with the contention of Hormann et al. (1994) that 
. cyclic electron flow does not occur in intact chloroplasts with an integer ascorbate 
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peroxidase scavenging system. Electron flow to 0 2 in the Mehler reaction (02 reduction 
with superoxide formation and subsequent dark dismutation of superoxide to H20 2 and 
0 2) and to H20 2 in the ascorbate peroxidase reaction (ascorbate oxidation by Hz02, 
forming monodehydroascorbate, and subsequent reduction of monodehydoracorbate via 
PSI) drains electrans from the cyclic pathway. It should be noticed, however, that the 
Mehler peroxidase reaction sequence may be effective in dissipating excess reductants 
resulting from PSII activity, yet the concerning reaction sequence does not consume 
A TP and it contributes as such to the formation of a transth ylakoid pH gradient (~pH). 
Hence, the possibility that an enhancement of the Mehler peroxidase reaction sequence 
was involved in rnainterrance of [(F'm-F,)/F'ml in S. arboricola upon water stress 
induction (Fig 3 ; Expt. I) and explained as such the discrepancy between predicted and 
measured <!>1, (Fig 8), could be challenged : the concerning reactions should lead to 
down regulation of <j>0 p511 , and herree of [(F'm-F,)/F'ml as well, via the proton gradient 
which they are forming. Indirect evidence, reconciliating these "apparently" 
contradictory events, comes from the work of Neubauer and Schreiher (1989) and 
Hormannet al. (1994), suggesting that the electron flow to 0 2 and H20 2 via the Mehler-
peroxidase reaction sequence is an autocatalytic process in which 0 2 and H20 2 reduction 
are favoured by thylakoid acidification and stromal alkalinization, respectively. An 
enhancement of the electron transfer to 0 2 and H20 2 pulls electrous through the electron 
transport chain, and leads to an increase in PSII reaction center "qpenness". 
Accordingly, the effect of a ~pH induced impairment in <1> 0 psn may have been cancelled 
out in <I>Psn by a ~pH induced increase in PSII reaction center "openness", or in other 
words, in qp. 
In this respect, the possibility of an enhanced activity in the Mehler peroxidase reaction 
sequence, which would have been reflected in an increase in f" 1p did not conflict with 
maintenance of [(F'm-Fs)/F',J. Moreover, it could have explained in this regards the 
discrepancy between measured and predicted <!>1, observed upon water stress induction. 
Opposing changes in qp and <l>o Psn have indeed been observed upon water stress 
induction (Expt. II with F. benjamina ; chapter lil ; Fig. lOa and c ; chapter 3). We 
basten to add, however, that in the concerning experiment [(F'm-F,)/F'ml was impaired 
.(Fig. lüd ; chapter 3) indicating that the reduction in <j> 0 psn was more pronounced than 
was the increase in qp. 
It can still be questioned if plants have any advantage in lowering <j>0psn and increasing 
qp. Eventually, such opposing changes do not affect <I>Psn· In this regards, it has to be 
pointed out that the conceilJ.Ï.ng- changes could have been involved in changin.g the 
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reduction state of the ferredoxin-thioredoxin system and that the reduction state of the 
ferredoxin-thioredoxin system in turn is important in control of several regulatory 
enzymes of carbon metabolism (Weis and Lechtenberg, 1989). 
Apart from 0 2 and H20 2, nitrite and oxaloacetate can function as efficient electron 
acceptors. Nitrite is a very efficient electron acceptor (Backhausen et al., 1994) and the 
extent to which a possible increase in i'A1, upon water stress induction could have been 
explained by an enhancement in the rate of nitrite reduction depends upon the 
possibility of a favoured nitrite availability and as such upon possible regulation of the 
rate of nitrate reduction in the cytosol. The control of nitrogen metabolism by 
environmental stress and by the redox state of the electron transport chain might be a 
topic for further research. Adjustrnents in the activity of oxaloacetate reduction 
following changes in the balance between utilization and supply of reductants from PSII 
chemistry have been demonstrated by Backhausen et al. (1994). 
In conclusion, from the present study emerged that the [(F'm-F,)/F'ml chlorophyll 
fluorescence measure does not necessarily allows for accurate predictions of the 
photosynthetic electron requirement (notably the electron requirement in the PCR and 
PCO cycles) and that it is as such not a measure suitable for prediering rates of C02 
assimilation. Also when calibrated frrst against observations of photosynthetic electron 
requirement, the [(F'm-F,)/F'm] measure overestirnated independent observations (i.e. 
obtained in water stressed plants) of photosynthetic electron requirement. We argued 
that overestirnation could be viewed as due to a favoured electron flow to 0 2 and H20 2 
in water stressed plants, rather than that it would have resulted from changes in the PSII 
absorption cross section. Nevertheless, without additional measurement, this should be 
considered as a speculation. 
In the present paper, we addressed the possibility of using the [(F'm-F,)/F'm] measure to 
predict <I>PSII> which in turn could be applied to predict [ acvc +ao V J. In particular, it has 
been argued that [acVc+ao V J can be derived as [(1-/A1,}fp511x(F'm-F,)/F'mQJ. Finally, 
[a cV c +ao V J would allow then to predict the rate of C02 assirnilation, A. With respect 
to the last step, we pointed out that Rd, r. and gt should be known as well. 
We would like to show, how one can proceed to trace back the value of A from 
measurement of, [acVc+aoVo], Rd, r., and gt. 
First of all, let J = [acVc +a 0 V0]. Hence, eliminating V0 from the preceding equation and 
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Eq. (2), yields the following expression for Vc : 
Pc ) f 
+ 2a)'. 
Substitution of this expression for Vc in J 
expression for V o : 
2f V=( • )J 
o ll' cP c + 2aJ * 
where Pc can be calculated as : 
Pc = Pa -
and where p. denotes the ambient partial pressure of C02 • 
(6) 
(7) 
(8) 
Hence, provided that J were measured and that Rd, r. and gt were known as well, Vc, 
V0 , and Pc could be computed iteratively from equations (6), (7) and (8). Finally, A 
could be derived according to Eq. (1). 
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Abstract 
The analysis of the continuons signal resulting from stem diameter fluctuation 
measurements, provides valuable information on various physiological processes. 
Concurrent transpiration, sapflow and stem diameter measurements showed that 
the diurnal changes undergone by the stem diameter were related to lags between 
water uptake and water losses. These observations confrrmed that the diurnal 
shrinkage of the stem diameter does indeed reflect the development of a provisory 
negative plant water status. Simultaneons gas exchange and stem diameter 
measurements revealed that in nonstressed plants, daily evolution (DE) of the stem 
diameter growth was directly proportionaf to daily C01 uptake. Accordingly, in 
the absence of stress, DE would represent a suitable indicator of daily leaf C01 
uptake. It bas also been pointed out that a night chili treatment resulted in a 
substantial rednetion in the DE, with a subsequent inhibition of C01 uptake. The 
reduction in DE would have resulted from a constrained export of carbohydrate 
from the leaves, caused by low sink activity. Hence, the DE would be amenable to 
detect blockage of leaf carbohydra te export. 
Abbreviations A - net C02 assimilation rate ; DE - daily evolution ; E - transpiration 
rate ; g, - stomatal conductance to water vapour diffusion ; L VDT - linear variabie 
displacement transducer; MDS- the maximurn daily shrinkage; n- nurnber of samples 
; NSDC - net stem diameter change ; PPF - photosynthetic photon flux ; Q'r -
normalized sapflow ; SE - standard error. 
5.1. Introduetion 
Real time observations of plant processes as well as of plant parameters have a dual 
role in greenhouse environmental control : continuous information on distinct plant 
processes and parameters permits to evaluate the suitability of the setpoints for 
greenhouse environmental control, either directly or indirectly via integrated analysis 
with further processing and modelling . Furthermore, real time observations afford to 
improve the model representation of the biosystem. An improved representation would 
allow to elaborate better control strategies, leading to a more efficient control over the 
system. 
A promising technique, in this regards, is the micromorphometric method, consisting 
in a continuous stem or fruit diameter monitoring. Diameter fluctuations are considered 
as being reliable indicators, of plant water status (Huguet, 1985 ; Li et al., 1990a ; 
Moriya et al., 1991 ; Huguet et al., 1992 ; Johnson et al. 1992 ; Katerji et al., 1994), 
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daily C02 uptake (Schoch et al., 1987 ; Schoch et al., 1989), and assimilate 
translocation efficiency (Schoch et al.,1990). Hence, many applications can be proposed 
for irrigation and greenhouse elimate management in general and for the control of 
evapotranspiration and co2 assimilation in particular. 
However, to achieve a sound introduetion of micromorphometric data in either control 
or scheduling schemes, an adequate interpretation of the micromorphometric signa! in 
relation to the prevailing environmental condi ti ons and with a proper assessment of the 
distinct processes' role in the signa!, would be required. The relation between the 
micromorphometric signa! and the physiological processes underlying it is not always 
straightforward. Furthermore, the suitability of the micromorphometric method in 
irrigation scheduling and in greenhouse elimate control has merely been investigated in 
field crops, fruit trees and vegetables. These studies have pointed out that there exists 
no universa! micromorphometric response to water stressor to microdirnatie conditions 
(Huguet et al., 1992 ; Katerji et al., 1994) . Hence, it suffice to say that with respect to 
the practical use of the micromorphometric signa! in irrigation scheduling and in 
microelimate control, it is still unclear whether the proposed criteria, notably derived 
from field crops , fruit trees or vegetables, would be appropriate for untested species, 
such as foliage pot plant species. 
Consequently, the objective of this study was to verify the validity of using the 
micromorphometric method for tuning irrigation management and greenhouse elimate 
control to actual requirements of foliage pot plants, namely Schefflera arboricola and 
Ficus benjam i na. Since further improvement in the understanding of the signa! requires 
the knowledge of the background mechanisms, we attempted in a preliminary stage, to 
carry out a comprehensive study of the main processes underlying the micro-
morphometric reactions, i.e. water uptake and losses, daily co2 assimilation and 
assimilate translocation. The next chapter, wil! in extenso deal with the application of 
the micromorphometric method in irrigation management, as a means todetermine time 
and amount of water supply. 
5.2. Materials and methods 
Experiments - The experiments were conducted in growth chambers with two popular 
foliage pot plant species, notably Ficus benjamina cv. Exotica and Schefflera arboricola 
cv. Compacta, the former exhibiting a lignified (woody) stem, the latter being a 
herbaceous plant. At the linear variabie displacement transducer's (L VDT's) attachment 
point, the stem diameter ranged from 45 mm to 55 mm for F. benjamina, and 85 mm 
to 95 mm forS. arboricola. The plants were grown in 13 cm diameter pots filled with 
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peat, the physical properties of which have been described by Rabei (1994 pp. 41-44). 
Whenever the substtate mattic potenrial dropped below -2.5 kPa, the plants were 
watered with a nutriti ve solution (the composition of the solution has been described in 
chapter I) . The duration of photoperiod as wel! as dark period was set at 12 hours . The 
PPF at the canopy's top was kept at 200 ~moi.m·2 .s · 1 • Lightjclark air temperatures were 
maintained at 22 °Cj20 °C. Lightfdark air humidities reached 11.6 g.m-3{10.4 g.m·3. 
Stem diameter chnnges - Stem diameter changes were measured by the means of 
LVDTs (model LBB-315-PR-020, Schaevitz, USA), with a gaging range of 1 mm and 
a repeatability of 0.1 ~m. Additional instrumentation (model 8C-35, Schaevitz, USA) 
was used to power the electtonics and to assure the AC excitation of the L VDTs, as 
wel! as the demodula ti on and amplification of their output signals. The L VDTs were 
held attached to the base of the stem by means of INVAR clips (Fredrick and Lemeur, 
1993). 
Net stem diameter change (NSDC) was computed from the difference between the 
actual stem diameter and a reference value, taken at the start of the experiment or at the 
beginning of a light/clark cycle. The claily observations obtained from each L VDT 
during a single light/clark cycle were processed to compute two parameters (Fig. 1) : 1) 
the maximum claily shrinkage (MDS) being the difference between the stem diameter 
measured just before lighting ("predawn value") and the minimal diameter observed 
during the lightfdark cycle ; 2) the claily evolution (DE) being the difference between 
the stem diameter observed at the end of the concerning light/clark cycle and the value 
observed at the end of the previous lightfdark cycle (Huguet et al., 1992). 
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Fluctuations in the NSDC signal resulting from thermal effects were eliminated by 
calculating the NSDC which would have been observed if temperature had remained at 
a reference value, notably the temperature observed at the start of the experiment or at 
the start of the lightfdark cycle. The thermal expansion coefficient of the stem tissues, 
necessary for the NSDC signal correction, was derived from the NSDC signal obtained 
after subsequent heating and cooling of plants exposed to darkness. It averaged 0.12 
1-1-m.mm·'.° C 1 and 0.08 1-1-m.mm·' .° C 1 for F. benjamina ançl S. arboricola, respectively. 
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Transpiration and sapflow - Water losses were measured by means of an electtonic 
balance (type !12000, Sartorius, Germany). Torestriet evaporation from the substrate, 
the pots were covered with aluminum foil. Water uptake was measured as sapflow with 
sapflow gauges (type Dynagage SGAlO, Dynamax, USA). Gauges were installed around 
the stem base. 
Gas exchange - The gas exchange system urilized to measure C02 uptake and H20 
release from individual leaves bas been described in detail by Huygens and 
Vandecasteele (1991) . In short, part of a leaf was enclosed in a pelrier cooled leaf 
chamber (type ADC PLC-B, Parkinson, UK to which a Cambion Peltier element was 
attached), connected to an infrared gas analyzer (type 225 MK3, ADC, UK) in an open 
gas exchange system. 
Leaf water po te ntial - Leaf water potential was measured by means of thermocouple 
psychrometers (type C-52 sample chambers connected with a HR 33T Microvoltrneter, 
Wescor, USA). 
Data recording - The voltage signals from the, L VDTs, electtonic balance, sapflow 
gauges and infrared gas analyzer were recorded by a logger (type DL2, Delta-T Devices 
LTD, UK). 
Physical properties of the substrate - The "hanging water column method" was used to 
identify the parameters of the substrate water retenrion curve (Rabei, 1994, pp. 41-44) . 
Whenever plants were watered, the substrate mattic potenrial was determined by means 
of tensiometers, to which mercury manometers were attached. It should be noted that 
because of bad contact between peat and the tensiometers' porous cup, these were not 
suitable for accurately determining substrate mattic potenrials at low substrate water 
contents. The decrease in substrate mattic potenrial was derived then from the 
corresponding decrease in pot weight by the means of the water retenrion curve. 
5.3. Results and discussion 
5.3.1. The pattern of the daily stem diameter fluctuations 
In both species, after lighting, stem diameter decreased rapidly unril reaching a 
minimum, as depicted in Fig.2. This rapid decrease was foliowed by a temporarily, 
slight expansion, preceding a progressive, but slower shrinkage. Towards the end of the 
photoperiod, the stem diameter was undergoing another expansion phase . When lights 
were switched off, the stem diameter mcreased in a hipbasic pattem : it was frrst going 
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through an initial steep increase (i.e. during the frrst hour of the dark cycle) lUltil 
reaching a new elimension that surpassed the maximal one registered the previous day. 
This steep increase was foliowed by a slower one, which continued up to the dark cycle 
end. Growth reflected the recuperation of the water "borrowed" during the frrst part of 
the photoperiod as well as the increase in cell number and cell expansion (Huguet, 
1985). 
Although obtained lUlder similar environmental conditions, the amplitude of the two 
species diameter fluctuations differed considerably. In order to substantiate that this 
disparity was not solely attributable to differences in stem thickness, MDS and DE, 
were expressed per lUlit of stem diameter. InF. benjamina these reached 2.5 j..Lm.mm·' 
and 7.0 j..Lm.mm·', respectively, whereas forS. arboricola, they reached 6.5 j..Lm.mm·' 
and 5.4 j..Lm.mm·'. Consequently, and knowing that stem shrinkage results from the 
discrepancy between water losses and water uptake and that it reflects remobilization 
of water from the tissues surrollllding the xylem to the transpiration stream (Molz et al., 
1973), the reported differences in the two species stem diameter shrinkage could be 
connected to differences in, the ratio of leaf area to root mass, stomatal conductance, 
water absorption efficiency, and availability of the stored water in the stem tissues. 
Destructive plant measurements revealed that the ratio of the plant leaf area to the root 
dry mass equalled 295 (SE=75 ; n =10) cm2.g·' inF. benjamina. ForS. arboricola, this 
ratio was as high as 597 (SE=99 ; n=lO) cm2.g·'. The diurnal average stomatal 
conductance to water vapour diffusion (g,), derived from transpiration measurements, 
reached 27 mmoi.m·2.s· ' in F. benjamina and 73 mmoi.m·2.s· ' for S. arboricola. The 
discrepancy in water losses would even have been more pronounced when expressed 
per lUlit of root dry mass (i.e. withafactor of two). Relying on these observations, we 
could have advanced that imbalance between water losses and water uptake would have 
been higher in S. arboricola than in F. benjamina, although it has to be recognized that 
root biomass is not necessarily an appropriate measure of the capacity for water uptake 
(Klepper, 1990). However, more negative diurnalleaf water potential, observed in F. 
benjamina ( averaging -264 (SE=42 ; n=25) kPa and -185 (SE=60 ; n=25) kPa inF. 
benjamina and S. arboricola, respectively), did not support this hypothesis. These 
contradictory observations indicated that compared with F. benjamina, S. arboricola 
profited of a wider water storage capacity. Clearly, these assumptions were confirmed 
by the NSDC observations. Furthermore, water uptake could have been favoured inS. 
arboricola by a higher root permeability, root specific area and hydraulic conductivity. 
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FIG. 2 The pattem of net stem diameter changes (NSDC) during a 
lightldark cycle inF. benjamina and S. arboricola (growth chamber 
experiment). Symbols: averages offour records, notably fromfour 
different plants. The maximum standard error observed during the 
cycle is indicated by the vertical bar. Average stem diameter: 5 mm 
for F. benjamina ; 9 mm for S. arboricola. Substrate matric 
potential: -1.5 kPa . 
5.3.2. Stem diameter shrinkage-as a measure of the imbalance between water 
absorption and water losses 
Fig. 3 illustrates the time course of the stomatal conductance for a single lightjdark 
cycle, notably the cycle for which the NSDC trace has been shown in Fig. 2. In genera!, 
when g, increased, stem diameter shrank, whereas when g, decreased, stem diameter 
expanded. Unquestionably, changes in stem diameter were mediated by changes in 
water losses from the leaves. Nevertheless, the sampling frequency of the concerning 
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measuring series, being 2 records per hour, did not suffice to unveil the exact 
succession of events. 
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FIG. 3 Tzme course of stomatal conductance (gs) dunng a lzghtldark cycle 
in F. beniamina and S. arboricola (i.e. gs was simultaneously 
measured with the NSDC traces of Fig . 2 and on the same plants). 
Symbols : averages of the various leaves from Jour plants. 
A more detailed view of the sequence of events, notably the changes in transpiration, 
the redistribution of water within the plant from and to the storage of the stem and the 
changes in water uptake, is shown forS. arboricola in Fig. 4. Transpiration showed a 
quasi immediate increase when lights were switched on. The rise in the normalized 
sapflow (Q'r) (i.e . sapflow normalized to the plant leaf area), considered as a measure 
of water uptake, occurred about 25 minutes after the rise in transpiration. On the ether 
hand, the time lag between transpiration and stem diameter shrinkage was only 15 
minutes. Clearly, the considerable time lag between the beginning of water losses and 
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water uptake, in addition to the smaller time lag between transpiration and stem 
diameter shrinkage could be interpreted as indicating that the resulting water deficit was, 
to a certain extent, overcome by stem internal stores. The stem diameter shrinkage 
reflected then the radial redistribution of water from the stores, i.e. the tissues 
surrounding the xylem, to the conducting vessels of the xylem. 
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FIG. 4 Time course of water losses from the leaves, expressed as rate of 
transpiration (E) , and water uptake by the roots, expressed as 
normalized sapflow (Q /), (a), and of net stem diameter changes 
(NSDC) , (b), in S. arboricola during a lightldark cycle (4 hours/1 
hour ; growth chamber experiment). Symbols : averages from two 
plants ; transpiration and sapflow were measured on the same 
plants. Substrate matric potential : -1.5 kPa. 
A maximum occurred in the rate of transpiration 35 minutes following the beginning 
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of the light cycle. The transition from a shrinkage to an expansion of the stem diameter 
occurred when water uptake exceeded water losses, notably between 55 and 60 minutes 
fo~lowing the start of illumination. This trend was discernable also in the remaining 
observations, even when lights were switched off : the stem diameter decreased when 
water losses from the leaves exceeded water uptake by the roots and vice versa. 
Clearly, these findings corroborated the belief that the shrinkage at any moment 
throughou t the day, notably the difference between the "predawn" stem diameter and 
the instantaneous stem diameter, would be a measure of the provisory negative plant 
water balance. In other words, the shrinkage reflects the difference between the water 
lostand the water absorbed since the beginning of the day. 
Fig. 5 shows that the track depicting the time rate change of the stem diameter varied 
congruently with that of the instantaneous imbalance between water uptake and water 
losses. 
167 
16 60 
8 
" 
d(NSDC)/dt 30 
-.... 
I 
Cl! 
N 
I 
E 
C) 
E 0 
n ~ % iA \ I 1 ~ ~~ i1 ~ 1 ~ IJ w îW -(Q 1t- E] 0 -..... w I 
~ 
Q. 
-8 
-30 
0 1 2 3 4 5 
Time (hours) 
FIG. 5 Difference between water uptake (Q [), expressedas normalized sap 
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arboricola. Further details : see Fig.4. 
The time rate change of the stem diameter appeared to be a suitable measure of the 
instantaneous imbalance between water uptake and water losses. Consequently, any 
factor that affected uptake and losses differentially, would be rejlected in changes in the 
stem diameter's time rate change . Accórdingly, the latter can be used as a physiological 
indicator to align water input and water output control with plant functioning. 
Water input control relates with irrigation scheduling, control of substrate temperature 
and the electtic conductivity of the nutrient solution, whereas water output control 
relates with shading and air humidity controL 
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5.3.3. Daily stem diameter evolution as a measure of daily C02 uptake 
It is generally held that under well watered conditions, the net increase of the stem 
dianieter during a single lightjdark cycle (DE), depends on assimilates' flux towards the 
stem (Huguet, 1985). Hence, the DE could be connected to the daily net C02 uptake as 
well as to assimilate export efficiency. 
From the work of Schoch et al. (1990), carried out on tomato plants, emerged that 
during the vegetative stage and under favourable growth conditions (i.e. in the absence 
of cool nights), DE was directly proportional to daily PPF integral, suggesting that DE 
would be a suitable indicator of daily C02 uptake. Conversely, these fmdings connoted 
that stem growth would have been limited by assimilate supply. However, when we 
plotted DE observations from well watered S. arboricola plants, notably from a 
greenhouse experiment, against daily PPF integral, a curve with a maximum at an 
intermediate daily PPF integral of 7.2 moi.m·2.day" 1 appeared (Benali, 1996). 
Apparently, and assuming that an increase in PPF hadnotled to an impairmentin C02 
assimilation, stem growth would not have been limited anymore by assimilate supply 
beyond a critica! PPF or lighting duration. Accordingly, the use of DE as a measure of 
daily C02 uptake can be questioned. Grange (1991), for instance, pointed out that 
tomato fruit expansion was relatively unaffected by irradiance, though it seemed to be 
controlled by factors affecting phloem transport, such as plant water status (Boersma, 
1991 ; Johnson et al., 1992), and sink strength, such as temperature (Farrar and 
Williams, 1991). Chen et al. (1994) showed that in Phalaenopsis, translocation was 
blocked above a critica! temperature (i.e. above 30° C during the day and above 25° C 
during the night) . Hence, knowing that high temperature may block translocation and 
because in greenhouses, PPF and temperature are in general highly correlated, the 
decrease in DE with increasing daily PPF integral could be viewed as due to a 
temperature induced blockage of assimilate transport. 
Anyway, the daily PPF integral is not necessarily a good indicator of daily C02 uptake. 
Hence, referring again to the experiment with S. arboricola (Benali, 1996), the 
possibility that DE would have been closely related with daily C02 uptake, still remains 
open. It can indeed be argued that if an imbalance between assimilate production and 
utilization at high PPF or high temperature had led to limitation of souree activity ·as 
well, notably via accumulation of leaf carbohydrate, DE would still have congruently 
changed with net daily C02 uptake. According to this line of thought, a reduction in DE 
beyond a critica! PPF integral should be interpreted as indicating that C02 assimilation 
would have been impaired by feedback inhibition. 
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Evidence fora linear relationship between DE and daily C02 uptake in well watered S. 
arboricola comes from a growth chamber experiment in which leaf net co2 uptake and 
stem diameter were continuously measured during several lightjdark cycles. Daily net 
C02 uptake was altered by changing daily lighting duration as well as PPF. The highest 
daily PPF integral amounted to 16 mol.m·2.day·1 (a photoperiod of 15 hours at a PPF 
of 300 1J.mol.m·2.s.1) . A higher air humidity was applied under conditions of extended 
lighting at high PPF. By doing so, differences in daily water losses and hence, in plant 
water status, between the distinct daily PPF integral treatments were minimized. 
Moreover, high amounts of daily C02 uptake could be achieved at high daily PPF 
integrals. Both DE and daily C02 uptake levelled off with increasing daily PPF integral 
(not shown), yet the linear relationship betweenthem (Fig. 6) revealed that a saturation 
in C02 uptake and hence in assimilate supply at high PPF constrained the rise in DE. 
Alternatively, if at high PPF, assimilate supply had outstripped its demand and sink 
activity or assimilate transport had limited stem diameter expansion, the linearity 
between DE and daily C02 uptake indicated that the mechanism which prevented a 
further rise in DE would have equally affected C02 uptake, presumably via feedback 
inhibition from leaf carbohydrate accumulation. 
The linear pattem in the relationship between DE and dnily C01 uptake in nonstressed 
S. arboricola plants corroborated the premise that DE would be a suitable indicator of 
dnily C01 uptake. Accordingly, the micromorphome tric methad appears as a promising 
technique for control of the environment al factors that affect col assimilation, such as 
irradiance, partial pressure of col, temperature and nutrition. 
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daily leaf net co2 uptake in s. arboricola (growth chamber 
experiment). Lines : fitred regression line with the 95% confidence 
beits. Stem diameter changes and leaf C02 assimilation rates were 
measured on the same plant. The latter was measured in a single, 
young but fully expanded green leaflet . Variation was obtained by 
changing lighting duration ifrom 8 to 15 hours) as wel! as 
photosynthetic photon flux (from 200 to 300 11-mol.m-2.s-1) . Closed 
circles : air vapour density was maintained at 11.6 g. m-3 ; open 
circles : air vapour density was maintained at 15.5 g.m-3. Substrate 
matric potenrial varied between -1 kPa and -2.5 kPa. 
5.3.4. Daily stem diameter evolution as a measure of nocturnal water uptake and 
translocation 
Low temperature at night is known to cause severe reductions in C02 assimilation 
during the subsequent day, although it has notbeen possible yet to assign the cause to 
specific reaction (review Bowers, 1994). Anyhow, it is clear that lowered C02 uptake 
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leads to reductions in growth. On the other hand, growers involved in horticultural 
industry are still interested in growth strategies with reduced energy inputs, in particular 
which would allow them to realize higher economical returns. 
To assess the validity of using the micromorphometric method for evaluating the 
appropriateness of nocturnal-temperature setpoints, an additional experiment was 
conducted with F. benjamina in which stem diameter and leaf gas exchange were 
continuously measured over a period of 11 days. Lightjdark temperatures were 22 oC/20 
Oe, except for the third and ninth day with lightjdark temperatilles being 22 OC/10 Oe. 
During the first and the second day as well, the pattem discernable in the NSDC signa! 
(Fig. 7) was reminiscent of that shown already in detail in Fig. 2. With dark chilling 
during the third night, the stem diameter did not exhibit the typical increase. Further 
analysis of the NSDC signa! learned that the DE of the third day was close to zero. 
Translocation and or nocturnal water uptake would have been blocked. The abrupt 
changes in the NSDC signa! upon the decrease of the temperature from 22 o C to 10 o C 
and vice versa were due to temperature effects ; apparently the estimate of the thermal 
expansion coefficient, derived from an independent experiment and used for temperature 
correction, was biased. Leaf C02 assirnilation during the photoperiod following the dark 
chili was markedly reduced (i.e. it reached only 45% of that observed during the 
preceding day) . Moreover, C02 uptake did not fully reeover during the subsequent days 
upon the dark chill treatrnent. The reductions in DE and in leaf C02 uptake were 
confirmed by a second nocturnal chilling treatrnent on day nine. The arrows demonstra te 
the extent to which growth was depressed by the dark chill. 
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FIG. 7 Time course of leaf net C02 assimilation rate (A) and of net stem 
diameter change (NSDC) in F. benjamina over a period of several 
days (growth chamber experiment). Light/dark temperatures were 22 
°C/20 °C, yet for days three and nine, the nocturnal temperafure 
was kept at JO oe. Gas exchange measurements were carried out in 
a single leaf from the plant on which stem diameter was also 
measured. Arrows indicate how stem diameter growth would have 
evolved without chili. Substrate matric potenrial varied between -1 
kPa and -2.5 kPa. 
Leaf water potential at the end of the nights with low temperature treatment averaged 
-120 (SE=35 ; n=8) kPa, whereas at the end of the nights preceding the treatrnent, it 
reached -101 (SE=50; n=8) kPa. Apparently, water uptake during the chili night was 
still adequate enough to compensate the losses of the preceding photoperiod. 
Nevertheless, transpiration during the photoperiod following the chili was only 70% of 
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that observed during the photoperiod preceding the chili. 
Clearly, the coincidence of a reduced DE and subsequent C02 uptake upon nocturnal 
chilling suggested that assimilate export from the lea ves would have been restricted 
during the dark chill. The resulting excess of carbohydrate in the leaves would have 
partly inhibited C02 assimilation the day following the chill. Clearly, the notion of 
reduced allocation of assimilate toward the stem derived from the low DE. Reduced 
export of carbon from the leaves during chilling can be ascribed to a low sink activity 
as well as to a l~w sugar transport capacity (Paul et al., 1991). Nevertheless, a 
combination of light and coldis required to suppress sugar transport (Paul et al., 1991). 
Hence, low sugar transport activity was unlikely to have been the cause of any dark-
chilling induced reduction in allocation of sugars toward the stem. Accordingly, low 
sink activity would have explained the decline in DE. End-product-inhibition of C02 
assimilation by carbohydrate accumulation in the leaf is now widely accepted (Azcón-
Bieto, 1983 ; Foyer, 1988 ; Paul et al., 1991 ; Sage and Reid, 1994). 
When temperature drops around 12 to 15 °C, water uptake by root systems as well may 
be drastically curtailed in chilling sensitive plants (review by Fiscus and Kaufmann, 
1990). However, leaf water potential measurements showed that chilling did not lead 
to a plant water deficit. Therefore, water stress was excluded as a causal factor in the 
reduction of transpiration and C02 uptake. In the absence of water stress, the 
suppression of transpiration would have been caused by the impaired capacity of the 
mesophyll to ftx C02 rather than by stomatal closure . A reduction in the capacity of the 
mesophyll to ftx co2 would have led to an increase in the intercellular partial pressure 
of C02, inducing stomatal closure. 
Although further investigations are required, it is plainly visible from the observations 
of Fig. 7 that a reduction in stem diameter growth during a chill night appeared to be 
a quick indicator of cold stress. Any reduction in stem diameter growth during a 
nocturnal chili was foliowed by a reduction in C02 assimilation as wel! as in 
transpiration. Hence, it is to be expected that by relying upon the micromorphome tric 
methad when selecting nocturnal temperature setpoints, a proper plant functioning 
would be guaranteed 
5.4. Conclusions 
From the various measurement series presented in this chapter, it can be concluded that 
the continuous monitoring of the stem diameter represents a reliable indicator of extent 
and directions of water radial movements in the stem and related to this, of provisory 
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negative water balance, as well as of daily co2 uptake and assirnilate transport 
efficiency. However, to irnprove the quality and amount of information obtained from 
the NSDC signal, its interpretation has to be properly carried out taking into account 
the prevailing elirnatic data. Clearly, when adequately translated and adapted, the NSDC 
signal afford an optirnal synchronization of greenhouse elimate control with actual plant 
requirements. 
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Abstract 
We assessed the validity of employing the micromorphometric metbod as a means 
to determine time and amount of water supply in foliage pot plant culture, in 
partienlar in Schefflera arboricola. Under controlled environmental conditions with 
the substrate water availability being the only varying factor, a significant increase 
in the maximum daily shrinkage (MOS) preceded a substantial repression in 
stomatal conductance and in daily stem diameter expansion. The use of the MDS 
for timing of irrigation affords consequently to anticipate water stress. We pointed 
out also that observations of stem diameter contraction from greenhouse 
experiments should be interpreted with due regard for changes in water losses. 1t 
was evidenced in this regards that when observations of daily average contraction 
(DAC) of stem diameter and the corresponding daily averages of photosynthetic 
pboton flux (PPF), the latter being a measure of the potential water losses, were 
plotted in a two-dimensional space, it was possible to distinguish measurements 
obtained under optima) substrate water availability from those obtained under 
inadequate water availability. Accordingly, the analysis of the measurement points' 
location in the DAC-PPF scatterplot permits to state whether any pronounced stem 
diameter contraction is due either to high water Iosses or alternatively, to 
inadequate substrate water availability and hence whether a significant increase 
in the stem diameter contraction requires water output or water input control 
actions. 
Furthermore, we demonstrated that in the absence of water stress, the DAC 
changed directly proportional with daily water Iosses, which confirmed that the 
micromorphometric metbod can be relied upon to assess daily water losses. 
Moreover, we showed that instantaneous observations of the net stem diameter 
change (NSDC) afford to predict instantaneous rates of transpiration (E). Because 
of hysteresis between water losses and stem diameter changes, two regression 
curves were required to describe the E vs. NSDC relationship. 
Abbreviations DAC- daily average contraction ; DE- daily evolution; E- transpiration 
rate ; g, - stomatal conductance to water vapour diffusion ; MDS - maximurn daily 
shrinkage ; n - number of samples ; NSDC - net stem diameter change ; PPF -
photosynthetic photon flux ; Q'r - norrnalized sapflow ; r - correlation coefficient ; SE -
standard error ; XWP - xylem water potenrial ; 'f m - substrate mattic potential. 
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6.1. Introduetion 
The aim of rational irrigation scheduling is to supply plants with the water they need 
when it is needed. Because the plant is situated midway between in the pathway of 
water between the soil and the atmosphere, neither the soil water status, nor the 
evaporative demand of the atmosphere are indicators suitable to evaluate the actual plant 
water requirement. Rational irrigation scheduling, however, requires monitoring of 
appropriate erop parameters which allow to identify the crop's physiological activity as 
modulated by the environment. 
The micromorphometric method, i.e. the continuous monitoring of stem or fruit 
diameter, gives valuable indirect information of the plant water status as well as of plant 
growth and would be capable in this regards, at least potentially, to learn how changes 
in plant water status alters plant growth. It appeared in particular as a promising 
technique to assess timing of irrigation (Huguet, 1985). To meet the distinct 
micromorphometric responses observed in various species, three different methods that 
can be fully automated, have been elaborated. In a first method, the decision rule for 
triggering the beginning of irrigation is based on the comparison of the daily maximurn 
shrinkage (MDS) of the stem diameter against a critica! value (Huguet, 1985 ; Liet al., 
1990). In the second method, it is basedon the detection of a significant decreasein the 
daily evolution (DE) of the stem diameter growth (Katerji et al., 1994). Finally, a third 
method is based upon the processing of both MDS and DE observations (Huguet et al., 
1992). Note that the "MDS based rule" is less appropriate to species whose plant water 
status undergoes little change during drying, being the case, for instance, in apple 
(Huguet et al. , 1992) and in maize (Katerji et al., 1994) . 
The micromorphometric methocl's use has not received until now much attention in 
irrigation scheduling of omamental pot plants. Preliminary workof Baille et al. (1991) 
showed that MDS and DE seemed to be quick indicators of water stress in Gardenia. 
Leaf water potential, in contrast, appeared to be a less suitable indicator of water stress 
in Schefflera (Lorenzo-Minguez et al., 1985). 
The objective of the present study was to assess the validity of employing the 
micromorphometric method for timing of irrigation in S. arboricola. In addition to 
criteria that are directly basedon MDS orDE, we devised a "MDS based" decision rule 
that would allow to account adequately for the two components in shrinkage : a first 
component that relates with the substrate water availability and a second component that 
relates with elirnatic water demand. Furthermore, we evidenced that the 
micromorphometric technique affords to assess transpirational water losses. 
181 
6.2. Material and methods 
Experiments - The convenience of the micromorphometric method for irrigation 
scheduling has been illustrated on the basis of observations from three drying cycle 
experiments, a growth chamber experiment (Expt. I) and two greenhouse experiments 
(Expt. 11 and lil) (Faculty of Applied Biologica! and Agricultural Sciences, Ghent 
University, Belgium). In contrast with the greenhouse experiments, the elirnatic water 
demand remained constant in the growth chamber experiment. The two greenhouse 
experiments differed in that plants were grown in 13 cm diameter pots in Expt. II and 
in 21 cm diameter pots in Expt. III. The use of larger pots in Expt. III led to a slower 
water stress development. 
Expt. I and 11 consistedof only one treatrnent, notably a water stress treatrnent, whereas 
in Expt. III, a wet and a dry treatrnent were carried out simultaneously. In the wet 
treatrnent, the substrate water content was held at container capacity (Benali, 1996). 
Plant materialand growth conditions- Schefflera arboricola cv. eompacta plants were 
propagated from stem cuttings and grown in a greenhouse under favourable conditions 
and in the absence of pests and diseases. Plant spacing density amounted to 22 
plants.m-2 in Expt. I and in Expt. 11 as well, and to 10 plants.m-2 in Expt. III. When 
plant leaf area averaged 1200 cm2, fifteen plants were transferredtoa growth chamber 
for Expt. I. The drying cycle was initiated when plant leaf area amounted to 1500 cm2 
in Expt. I and Expt. 11 and to 750 cm2 in Expt. liL In the drying cycle of Expt. I, the 
substrate mattic potenrial ('I' m) decreased from -1 kPa (container capacity) to -18 kPa, 
notably over a period of 8 days. The drying cycle of Expt. 11 started on 14 September 
1993 ('I' m = - 1 kPa) and continued up to 27 September 1993 ('I' m = -8 kPa).The drying 
cycle of Expt. lli started on 14 September 1995 CP m = - 1 kPa) and continued up to 
1 December 1995 CP m = -20 kPa). Prior to the start of any drying cycle, the pots were 
covered with alurninum foil, to allow the rate of transpiration and stomatal conductance 
to be derived from the continuous, automatic weighing of pots. The water retention 
characteristics of the peat substrate used in the various experiments, have been 
determined by Rabei (1994 pp. 41-44). 
In Expt. I, environmental conditions were as follows : 12-h photoperiod ; 200 
~moi.m·2 .s" 1 photosynthetic photon flux (PPF) at plant height; 22 oej20 oe lightjdark 
temperature ; 11.6 g.m-3/10.4 g.m-3 light/dark air humidity. During Expt. II, the diumal 
averages (i.e. from 9 to 17 o 'clock) of PPF, air temperature and air humidity varied in 
the following ranges : from 55 ~moi.m·2 .s" 1 to 273 ~moi.m·2 .s·' ; from 19 oe to 28 oe 
and from 10 g.m-3 to 12.7 g.m-3. During Expt. UI, these ranges were : from 32 
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Measurements - Stem diameter changes and transpiration were continuously recorded 
as described in chapter V. Changes in stem diameter were measured in each experiment 
on four plants. Net stem diameter change (NSDC), MDS and DE have been derived as 
explained in chapter V. The daily average contraction (DAC) was calculated by 
averaging the NSDC observations obtained between 9 and 17 o'clock and by 
subsequently taking the absolute value of the concerning average. Transpiration was 
derived from the continuous weighing of either nine pots (Expt. I and Expt. II) or two 
pots (Expt. III). Substrate mattic potential was determined by the means of tensicmeters 
as described also in chapter V. Xylem water--potential (XWP) was measured with a 
modified Arimad-2 pressure chamber. The pressure chamber was connected to an 
electtonic pressure transmitter (type 851TG0300NLSC, Ametek, USA), with an 
adjustable pressure range (from 0 kPa/414 kPa to 0 kPaf2070 kPa) . A digital display 
with a hold function allowed for proper end point detection. 
6.3. Results and discussion 
6.3.1. The NSDC trace as affected by water stress : general considerations 
In Fig. 1, the NSDC traces from a wateredas wellas from a nonwatered S. arboricola 
plant (Expt. III) have been depicted, notably from the day on which a discrepancy 
between both traces was detected. It is plainly visible that the amplitude of the 
fluctuations was much more pronounced in the stressed plant than in the nonstressed 
one as well as that in the Jatter, the diurnal stem diameter expansion ceased. These 
observations corroborated those found by other authors, notably on trees (Liet al., 1990 
; Huguet et al., 1992), vegetables (Schoch et al., 1989) and ornamentals (Baille et al., 
1989). 
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FIG. 1 Net stem diameter change (NSDC) of a water stressed and a 
nonstressed S. arboricola plant (Expt. liJ). Nonstressed plant : 
substrate water content was maintained at container capacity 
(Benali, 1996) . The substrate matric potenrial for the stressed plant 
decreasedfrom -4.5 kPa (day 20) to -20 kPa (day 75). 
6.3.2. The suitability of the MDS and DE parameters for timing of irrigation 
From Fig. 1, it is clear also that, when water stress developed, the MDS increased 
initially, yet when water stress becameïnore severe, it decreased again. The DE 
decreased and became even negative under severe water stress. 
An overall picture of the MDS, the DE and the stomatal conductance (g.) as modulated 
by the substrate water availability, is shown in Fig. 2 (Expt. I). An initia! slight decrease 
in g, was followed by a more rapid decrease when 'P m dropped below -12.5 kPa. The 
MDS showed a sigmoid shaped increasing pattem with decreasing 'P m· Beyond a 'P m 
of -17.5 kPa, it decreased again. The increase in the MDS was significant on the third 
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The MDS appeared to be a quick indicator of water stress. The significant increase in 
the concerning parameter preceded the substantial reduction in stomatal conductance 
and in stem diameter expansion. Hence, ij the de cision for trigge ring the beginning of 
irrigation were based upon the detection of a significant increase in MDS, it would be 
possible to anticipate repression of expansive tissue growth, even so tissue expansion 
is known to be extremely sensitive to water stress (Hsiao, 1990). Similarly, a significant 
reduction in gs could be anticipated. Knowing that a reduction in gs usually coincides 
with a decline in the rate of C01 assimilation (review by Chaves, 1991 ), which has 
been demonstraled for S. arboricola as well by Fredrick and Lemeur (1995), it could 
be surmised that an impairment in C01 assimilation could be anticipated as well. 
Note that the significant increase in the MDS parameter coincided with depletion of the 
easily available water, which is known to occur in peat substrates when 'f' m drops below 
-5 kPa and that experirnents with various foliage pot plant species revealed that growth 
was retarded in plants grown at a 'f' m more negative than -5 kPa (unpublished data). 
6.3.3. Changes in MDS as affected by water losses 
If the substrate water content were the only changing factor, the MDS would be a 
sensitive indicator for detecting the onset of water deficit. Nevertheless, knowing that 
. the MDS, or the diurnal contraction of the stem diameter in genera!, is a physical 
reflection of a dynamic equilibrium between water uptake and water losses (chapter V), 
it can be advanced that stem diameter contraction would be affected by the soil water 
content as well as by the elirnatic water demand, or by the rate of transpiration (E). 
The notion that the MDS, or the NSDC in genera!, would be influenced by E as well, 
was consolidated by the curves shown in Fig. 3 and Fig. 4. In particular, the time 
courses of the PPF, E, XWP and NSDC have been depicted fora cloudy and a sunny 
day. Clearly, water availability was optimal throughout both days. It is plainly visible 
from these figures that E was markedly higher during the sunny day than during the 
cloudy day. The discrepancy in E was reflected in a substantial discrepancy in leaf 
water potential and in NSDC. For the cloudy day, the MDS was 34 ~m, whereas for 
the sunny day, it reached 134 ~m. 
Clearly, these observations conflicted with the general held view that the MDS would 
be in itself a convenient parameter for triggering the beginning of irrigation. As it 
appeared to be highly dependent upon factors other than the substrate water 
availability, notably by those factors which affect water losses, the MDS should be 
interpreled in due regard with the water losses. 
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6.3.4. Proper interpretation of stem diameter contraction in terms of water 
availability and water demand 
From the previous, it is clear that under natura! (greenhouse) conditions, a pronounced 
contraction of the stem diameter can be indicative of inadequate water availability or 
alternatively, of excessive water losses. In practical applications, water losses are 
unlikely to be known. They depend upon g. as well .as upon the elirnatic water demand. 
In the absence of water stress, g. is primarily affected by the PPF (Fredrick et al., 
1992; Baille et al., 1991) . The PPF would be a suitable indicator of the elirnatic water 
demand as well. Hence, in order to assign the cause of any change in stem diameter, 
we proposed to relate stem diameter contraction to PPF. In this regard, the PPF is 
retained as a measure of the potential water losses, notably the water losses that would 
occur in the absence of water stress. 
In Fig. 5 as well as in Fig. 6 (Expt. II and Expt. lil, respectively), DAC has been 
plotted against daily average PPF. The [PPF, DAC] measurement veetors appeared as 
two clusters in the scatter diagram. A first cluster embraced the observations obtained 
under adequate water availability ('I' m > -5 kPa). The conceming points slanted upward 
to the right in a linear pattem. The second cluster was conceived of those observations 
obtained under inadequate substrate water availability ('l' m < -5 kPa) . This cluster was 
located above the line. 
It is important to notice that various DAC values obtained at low PPF and inadequate 
substrate water availability were lower than those obtained at high PPF and optima! 
water availability, which corroborated the premise that a pronounced contraction does 
not necessarily mean that substrate water availability would be inadequate. 
Anyway, the observations obtained under conditions of inadequate water availability 
departed substantially in the DAC-PPF scatter diagramfrom the 95% confidence beits 
of the regression line being adjusted to the observations made under conditions of 
adequate substrate water availability. Hence, from the location of the [PPF,DAC] 
points in the two-dimensional space, it is possible to assign the cause of any increase 
in stem diameter contraction either to inadequate substrate water availability or to 
exassive water losses. By doing so, the right decisions can be made : irrigation should 
start up or alternatively, shading sereens should be drawn and humidity should be 
increased 
However, we acknowledge that further investigations have to be done on the plant 's 
productivity behaviour to excessive water losses as to extend the use of the 
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micromorphometric metbod to water output controL 
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FIG. 5 Daily average contraction (DAC) of stem diameter vs. daily average 
PPF for S. arboricola (Expt. IJ). Daily averages were calculated 
over the period from 9 to 17 o' clock. Closed symbols : substrate 
matric potenrial (i' J was higher than -5 kPa ; open symbols : i' m 
was in between- 5 and -10 kPa. Lines : regression line adjusted to 
the closed symbols and its 95 % confidence beits. 
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FIG. 6 Daily average contraction (DAC) of stem diameter vs. daily average 
PPF forS. arboricola (Expt. /IJ). Daily averages were calculated 
over the period from 9 to 17 o' clock. Closed symbols : substrate 
matric potenrial ('Ir nJ was higher than -5 kPa ; open symbols :'Ir m 
was in between - 5 and -10 kPa. Lines : regression line adjusted to 
closed symbols and its 95 % confidence beits. 
Unquestionably, a "DAC based" approach for timing of irrigation would be no longer 
appropriate in case plants had to be irrigated frequently throughout the day. Anyway, 
the concept would still be applicable, but it should be based on continuous 
measurements of NSDC and PPF, rather than on their daily averages. That this would 
be a possibility, has been illustrated in Fig. 7. We proceeded as described above for 
daily averages, in that linear regression analysis was applied to, the NSDC observations 
being provided in the absence of water stress (in this respectwetook the observations 
shown in Fig. 3 and Fig. 4), and, the instantaneous PPFs, except that two regression 
curves were required to describe the data : a first curve was adjusted to the "morning 
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observations", notably obtained when the NSDC decreased, whereas the "evening 
observations", obtained when the NSDC increased again, were accommodated by a 
second curve. The use of two regression curves afforded to accoWlt for the hysteresis 
between NSDC and PPF. The hysteresis was plainly visible in the observations of Fig. 
4 : the NSDC was, for the same PPF, less negative in the morning than in the evening. 
Next, the regression curves were applied to independent PPF observations to predict 
how NSDC would have evolved if water availability were optima!. Any separation 
between predicted and measured NSDC trace was interpreted then as indicating the 
onset of water shortage. 
In Fig. 7, we illustrated this concept for the data obtained on 23 September 1993 (Expt. 
Il) when 'f' m decreased below -6 kPa, indicating that the easily available water had been 
depleted already and that plants had to draw on the water buffering capacity. Note that 
similar regression curves, notably one for the "morning observations" and another for 
the "evening observations" (from Fig. 4 and Fig. 5) , were computed with E and 
subsequently XWP as dependent variate and PPF as independent variate. From the 
comparison of predictions and measurements, it could be learned that 1) E was 
substantially repressed at a 'f' m of -6 kPa ; 2) XWP seemed to be less negative when 
'f' m reached- 6 kPa than when it amoWlted to- 1 kPa, which corroborated the fmdings 
of Lorenzo-Minguez et al. (1985) ; 3) the predicted and measured NSDC traces 
separated immediately upon sunrise. Hence, the continuous comparison of the actual 
NSDC against the NSDC that would have occurred for the prevailing PPF if water 
availability we re optima!, affords to detect the beginning of water shortage. 
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FIG. 7 
Diurnal course of 
photosynthetic photon flux 
(PPF), (a), rate of 
transpiration (E), (b), 
xylem water potenrial 
(XWP), (c), and net stem 
diameter change (NSDC), 
(d), in S. arboricola (Expt. 
ll). Unbroken lines depiet 
observations from 23 
September 1993 when 
s:.t.bstrate matric potenrial 
reached -6 kPa. Dotted 
lines show how the 
respective variables would 
have evolved in the 
absence of water stress. 
These predictions were 
derived from regression 
curves adjusted to the 
observations of Fig. 3 and 4 
with the PPF as 
independent variate (see 
text) . 
6.3.5. Assessment of the amount of water supply by means of the micro-
morphometric metbod 
The use of the micromorphometric metbod for determining the start up of irrigation has 
been addressed yet in many other papers. More new is its application for assessment of 
the right amount of water that has to be supplied. In the present study, we argued that 
the micromorphometric method can be relied upon to assess water losses as well and 
hence, to determine the right amount of water that should be supplied to compensate 
for the losses. First, we considered the possibility of predicting daily averages of E, 
notably from DAC observations, and next, we verified whether the continuous NSDC 
signa! afforded to predict instantaneous E values. 
In the scatter diagram of Fig. 8, daily averages of E have been plotted against 
corresponding DACs. In doing so, we merely selected observations obtained under 
conditions of optima! water availability (i.e. -1 kPa< 'P m < -5 kPa ; Expt. II) . The 
rationale of doing so is that if the micromorphometric metbod were used in irrigation 
scheduling, it would trigger irrigation whenever 'P m dropped to -5 kPa. Hence, more 
negative substrate mattic potentials would be unlikely to occur, unless the plant would 
tolerate so. Apparently, within the 'P m range of interest, daily averages of E were 
sufficiently closely related to DAC (r=0.80), to use the latter for prediering E. The 
linear or approxirnately linear relationship betweenthem could be understood from the 
interaction that 1) an increase (decrease) in water losses leads to an increase (decrease) 
in the internal plant water deficit ; knowing that the development of an internal plant 
water deficit drives water uptake, changes in the internal water deficit can be viewed 
as responses being required to match water losses and water uptake ; 2) an increase 
(decrease) in the internal plant water deficit leads to a contraction (expansion) of the 
stem diameter. This line of thought, however, could not be extended to conditions of 
inadequate water availability. Clearly, when water stress develops, stomatal ciosure 
restricts water losses, although it does not prevent the stem diameter from continuing 
to shrink (see for instanee Fig. 2 and Fig. 7). 
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From the above observations that, 1) befare a criticallf' m was achieved at which plants 
had to be watered, daily averages of E changed linearly with DAC and, 2) the 
occurrence of the critica! ':I' m would derive from the analysis of DAC and PPF 
observations, it can be pointed out that the micromorphome tric methad can be fully 
relied upon to delermine when and how many to irrigate. In particu/ar with respect to 
the latter, the summation of DAC values can be used as a measure of the cumuialive 
water losses between two irrigation events. Knowledge of the water losses provides 
inference of the substrate water contentand hence, on the amount of water that has to 
be supplied to compensate for the losses. Clearly, the methad requires calibration, that 
is to say the parameters of the linear curve, relating daily water losses to DAC, have 
to be identified first. 
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As the micromorphometric technique affonis the continuous measuring of stem 
diameter, it was worthwhile to consider the possibility of using it for predicting 
instantaneous water losses as well, the more so because plants may require several 
irrigations throughout a single day. Hence, we plotted the observations of E, being 
obtained throughout a single day (namely 11 September 1993), against concomitant 
NSDC observations (Fig. 9) . As could have been expected, there was a hysteresis 
between them. The hysteresis reflected the time lag in transmittance of water potential 
changes from the xylem into the tissues surrounding the phloem (So et al., 1979 ; 
Wronski et al., 1985 ; Milne, 1989). 
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FIG. 9 Rate of transpiration (E) vs. net stem diameter change (NSDC) in 
S. arboricola (Expt. II ; 11 September 1993 ; substrate matric 
potential - 1 kPa). Closed symbols : observations obtained when E 
increased; open symbols : observations obtained when E decreased. 
Lines : polynomial regression curves. 
The practical consequence of the hysteresis was that the two, i.e. sigmoid shaped, 
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regression curves were required to describe the data : a first curve that applied to the 
"morning observations", i.e. obtained when transpiration increased and stem diameter 
shrank, and a second curve that applied to the "evening observations", namely obtained 
when transpiration decreased and stem diameter swelled again. 
Knowing already that a specific NSDC related with a different E in the morning than 
in the everring and hence, in order to ascertain that the above regression curves (i.e. 
those from Fig. 9) would be successful in prediering instantaneous E values, regardless 
of how PPF and hence E as well as NSDC evolved in time, we applied them ta the 
NSDC observations from 12 and 16 September 1993. The agreement between 
measurements and predictions was excellent for 12 September, even so the diurnal 
course of the PPF was different from that of 11 September in that the peak in PPF was 
delayed (Fig.10). On the other hand, for 16 September, predictions were biased away 
from measurements, notably when E increased (Fig. 11). The bias could be viewed as 
due to the slow initia! rise in PPF on 16 September. Because of the slow rise in PPF 
and hence in water losses, the stem diameter's shrinkage could keep pace with the water 
losses. 
Polynomial regression curves a.fforded to predict instantaneous values of E reasonably 
wel!. Nevertheless, their suitability depended in part on the time rate changes in the 
PPF. Further improvements are to be expected by consiclering also the dynamics ofthe 
phenomena. Arguably, the use of a stochastic transfer function model could be 
recommended above a static approach basedon regression equations. 
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FIG. 10 Diurnal course of photosynthettc photon flux (PPF) for 11 
September (dotted line) and 12 September 1993 (unbroken line), 
(a) . Rate oftranspiration (E) vs. net stem diameter change (NSDC) 
inS. arboricola, (b). Observationsfrom 12 September 1993 (Expt. 
Jl) . Substrate matric potential reached- 2 kPa. Closed symbols : 
fint part of the day when E increased ; open symbols : second part 
of the day when E decreased. Unbroken lines : polynomial 
regression curves, i.e. fitted to the observations ; dotted lines : 
predictions according to polynomial regressioncurves derived from 
observations of 11 September 1993 (Fig. 9). 
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11) . Substrate matric potenrial reached- 2 kPa. Closed symbols : 
first part of the day when E increased; open symbols : second part 
of the day when E decreased. Unbroken lines : polynomial 
regression curves, i.e. fitted to the observations ; dotted lines : 
predictions according to polynomial regression curves derived from 
observations of 11 September 1993 (Fig. 9) . 
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6.4. Conclusions 
From the present study with S. arboricola, the micromorphometric metbod emerged as 
a promising technique for irrigation scheduling. When environmental conditions were 
kept alike, except for the substrate water availability, the MDS appeared to be a quick 
indicator of water shortage. However, when applied for detection of the onset of water 
shortage in greenhouses, stem diameter contraction should be interpreted with due 
re gard for the transpira tional water losses. Whereas water losses are in general not 
known in practical situations, the PPF, which is usually recorded, was introduced as a 
measure of the potential water losses. We evidenced then that by relating the DAC 
observations to the prevailing daily average PPF, it was possible to assign the cause of 
an increase in DAC to either inadequate substrate water availability or alternatively to 
excessive water losses. Hence, by doing so, the information obtained from the 
micromorphometric signa! can be used to manage the timing of irrigation as well as to 
manage water output controL Furthermore, we demonstrated that observations of DAC 
and of daily average water losses, in particular when obtained under conditions of 
optimal water availability, could be reasonably well accommodated by a linear 
regression curve. Accordingly, the DAC parameter can be translated into amount of 
water to be supplied. Sirnilarly, we showed that the micromorphometric method would 
apply to irrigation management if plants had to be irrigated frequently throughout the 
day. In this regards, we pointed out that instantaneous NSDC observations should be 
related to instantaneous PPF, from which would derive then whether or not plants 
experience water shortage. Sirnilarly, instantaneous NSDC observations may, tosome 
extent, be translated into instantaneous E values. Because of hysteresis effects, distinct 
equations have to be applied to "morning" and "evening" observations. 
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Unquestionably, the introduetion of modem, digital systerns for control of elimate and 
for the management of water and nutrient supply has contributed to a more efficient 
operation of horticulture. In particular, it permitted a further expansion of the nursedes 
with a concurrent saving of human Iabour. Arguably, the most important issue 
greenhouse managers are faced with nowadays is how to use the modem greenhouse 
technology even more efficiently in order to strengthen their competitive edge in a 
bighly competitive market 
Intbis work, I introduced first of all the shortwave irradiance based growth function as 
a means for predicting how leaf area should evolve for well defined environmental 
conditions. It has been evidenced in tbis respect that the predictions provided by 
shortwave irradiance based growth functions are reliable irrespective of the season, the 
location and the light transmission characteristics of the greenhouse . Accordingly, I 
proposed to apply the shortwave irradiance based growth function as a bio-analysis tooi 
for a permanent evaluation of the growth conditions. The pulse amplitude modulated 
(PAM) chlorophyll fluorescence technique and the micromorphometric method have 
been introduced as promising biosensors for on-line monitoring of relevant processes 
and parameters associated with plant water status, leaf co2 assimilatory activity and 
sink activity or assirnilate transport efficiency. The foregoing chapters were aligned, ftrst 
of all towards the evaluation of the appropriateness of the shortwave irradiance based 
growth function as means for providing the baseline of plant growth, and secondly 
towards the ecophysiological interpretation of the biosensors' signa! and towards the 
assessment of the utility of these biosensors for monitoring relevant physiological plant 
processes and or parameters. Clearly, these were the major objectives of the present 
work. 
Provided with the ecophysiological knowledge emanating from these chapters, the 
question to he put next is how to integrate the various techniques in a cultivation 
support system, a system that could he relied upon in operation and management of 
modem culture systems used in foliage pot plant nurseries. 
The purpose of this chapter is to describe briefly how the techniques as well as the 
ecophysiological knowledge and principles of plant environment interactions, which 
have beenpresentedor unveiled through the previous chapters, can he translated further 
into useful practices and integrated in a cultivation support system. I acknowledge that 
various alternatives can he elaborated. A sirnple approach, that can he transplanted 
directly to the practical growing situation, has been outlined in detail. The approach is 
discussed from a high level perspective. Hence, the more technica! aspects, such as 
algorithms, programming code, are in general not dealt with. I dwelled also upon 
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imperfections of the proposed cultivarion support system and consider accordingly topics 
for further research. 
The starring point is that ideally, a cultivarion support system should afford to exploit 
modem culture systems of foliage pot plant nursedes in such a way that within the 
frame of exogenous conditions, a better, and ideally a maximum, net economie return 
could be achieved. In particular, it should support the main tactical and operational 
concerns of the greenhouse manager. First of all, decisions have to be made conceming 
the erop type that will be grown (species, cultivar). Once the erop type is determined, 
Iabour, space utilization and the acquisition of materials has to be planned. 
Concurrently, cultivarion procedures have to be specified (i.e. preset cultivarion 
procedures). The cultivarion procedures consists in a set of blueprints which dictates 
permissible ranges of setpoints for greenhouse elimate control for the cultivar under 
consideration. Permissible should be associated here with net economie return. The 
setpoints relate inter alia with hearing, ventilation, co2 enriehrnent, shading, water and 
nutrient supply and supplementary lighting . Throughout the growth period, the setpoints 
have to be adjusted or improved, i.e. by taking into account the actual situation with 
respect to prices, weather and plant responses. Actual cultivation procedures should 
permanently be evaluated. 
Clearly, there is no unique solution with respect to the tactical and operational 
questions the manager is faced with. The answer depends upon exogenous variables, 
notably weather and prices as wellas upon the established production technology. Note 
that apart of tactical and operational decisions, the grower can take also strategieal 
decisions. In this regards, he can redesign a part of the existing reality, such as 
production technology, and alter consequently the constraints on the scope of 
intervention. The implementation of a new design is beyond the scope of the support 
system presented in this chapter. 
First of all, it should be recognized that the use of optimization theory, in which 
optima! solutions or rules are derived from optimization of a dynamic, bio-economie 
model that describes the changes of state variables (plant dry mass, greenhouse air 
temperature, humidity, co2 mole fraction, etc ... ) as a function of driving variables 
(temperature of warm water pipes, the vents' position, co2 supply, et~ .. . ) and exogenous 
variables (shortwave irradiance, outside temperature, priees, etc ... ), has eventually the 
highest potential for optimality. If the time functions of the exogenous variables and of 
the driving variables as wellas the initia! values of the various state variables have been 
defined, the model enables to determine a unique time function for the various state 
variables. Knowledge of the time functions of the state variables affords to compute the 
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gross economie return. Gross economie return can be described for instanee as a 
function of the price at marketing and the leaf area at marketing. Operaring costs can 
be described as a function of those state variables which describe the greenhouse 
environment, the prices of the various inputs and the exogenous variables. The net 
economie return can be computed as the difference between the gross economie return 
and the integral of the operational costs. Computer-aided simulation permits to derive 
the time functions of the environmental variables which, for standard conditions with 
respect to the exogenous variables, maximize the overall or seasonal net economie 
return (i.e. the optima! environmental conditions) and related with this the time 
functions of the driving variables required to obtain optima! environmental conditions 
(Seginer, 1993). In this regards, cultivation procedures are obtained from model 
simulation. Concurrently, the simulation will provide the time function of plant growth 
(for instanee leaf area expansion). Knowledge of leaf area expansion offers a basis for 
planning of Iabour and space utilization, whereas the time functions of the driving 
variables offers a basis for planning of material acquisition. Furthermore, the 
optimization exercise can be carried out for different erop types, allowing as such to 
determine theerop type that will eventually yield the best economie return. Clearly, in 
such an approach, intention (maximizing profit) and implementation through tactical and 
operational decisions are deterministically related. There is no ambiguity. Furthermore, 
it should be noted that the economie performance measure is maximized globally (i.e. 
over the growing season) : because of the simulation of the expected future . 
development, an optima! ttade off is made between cuerent net biomass gain and 
investment in the future. Throughout operation, instantaneous optimization permits to 
adjust the environmental conditions, taking into account actual price information and 
weather conditions, the actual erop state, the actual erop responses and the co-state 
variables. The co-state variables describe the state variables' marginal value and are 
obtained from seasonal optimization (van Straten, 1994). 
Provided that the mechanisms underlying the bic-economie process are well understood 
and that accordingly an adequate mathematica! representation (model structure) can be 
formulated, the major problem will be to select appropriate values for the model 
parameters. Enelosure of biased parameter values increases the risk of finding 
inappropriate solutions or rules. Unfortunately, for the vast majority of foliage pot 
plants, the values to be used for the parameters of the plant growth model are not 
available. Furthermore, it has to be recognized that, even if such parameter values have 
been determined previously, for instanee in Iaberatory experiments, they cannot 
necessarily be transplanted to the actual growing situation and used as such to align 
plant environment with actual plant function. Moreover, because of acclimation, 
parameters may be non-stationary. Hence, they should be treated in the model as 
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functions of the environmental driving variables. This implies that additional parameters 
have to be identified to describe these acclimatory responses. Clearly, if one wants to 
develop a cultivation support system in which optimization is carried out with a bio-
economic model, the immediate issue is how to obtain the values for the model 
parameters . One possibility could be to build a database that stores data of growth 
measurements (i.e. which can be readily measured) and of environmental conditions (i.e. 
records of the elimate computer) from many nurseries. The data could be used then to 
identify the model parameters. This approach could be applied to identify those 
particular parameters for which direct measuring methods are not available. Those 
parameters for which appropriate measuring instrumentation is available, should be 
derived by prefrence on-line. By doing so, the parameter values will apply to the "real 
world" conditions. Recursi ve algorithms (Y oung et al., 1991) would permit identification 
of non-sta tionary parameters. 
It is worthwhile to consider then the possible role of the biosensors presented in this 
work, notably the chlorophy 11 fluorescence technique and the micromorphometric 
method. Of particular importance in plant growth models is the module that describes 
the responses of leaf co2 assimilation to environmental variables, such as 
photosynthetic photon flux (PPF), C02, temperature, air humidity, substrate water 
availability, etc ... 
The development of methodology for reai-time identification of the photosynthesis 
submodel can be considered as a taskof high priority. In chapter II for instance, it has 
been shown that, when appropriate values are selected for the parameters of the 
photosynthesis submodel, notably which are derived from on-line observations of rates 
of co2 assimilation from many leaves of various layers from the canopy, plant growth 
can be predicted accurately. Conversely, I evidenced that the use of inappropriate 
parameter values for the parameters of the photosynthetic submodel , led to inaccurate 
plant growth predictions. Furthermore, it can be safely stated that, in general, changes 
in plant environment affect growth primarily through changes in leaf C02 assimilatory 
activity. In the longer run, changes in plant environment lead to modulations of 
investment patterns of resources within the photosynthetic machinery. At the level of 
the photosynthesis submodel , the modulations are reflected in changing parameter 
values. Because of such modulations, on-line monitoring of leaf C02 assimilatory 
activity is really required in order to derive appropriate values for the parameters of the 
photosynthesis submodeL 
On the other hand, it should be recognized that plant growth does embrace more than 
co2 assimilation or the other way around, that changes in growth may derive from 
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changes in processes other than C02 assimilation. Furthermore, changes in the plant 
environment may primarily affect processes other than C02 assimilation. On balance, 
changes in the environment may interfere with growth via their effect on processes 
other than C02 assimilation. For instance, nocturnal temperature inhibits first of all 
nocturnal assimilate transport and or sink activity. Accumulation of assimilates within 
the leaves inhibits the following day leaf co2 assimilatory activity, as has been shown 
in chapter V. The measurements presented in this work do, however, notpermit to state 
then whether or not night-chill induced reductions in plant growth can be merely 
explained in termsof changes in leaf co2 assimilatory activity. Anyway, it is generally 
known that acclimation may involve plant processes other than leaf co2 assimilation, 
such as dry matter partitioning, and that these changes may be of similar significanee 
to plant growth than those in photosynthetic characteristics. In this regard, it should be 
clear that on-line identification of the parameters of the photosynthesis submodel and 
using "standard" values for the other parameters, may not suffice. Hence, if one wants 
to simulate via a model how plants will evolve for specific environmental conditions 
and to derive subsequently optima! conditions and control sequences, one is still faced 
with the question of how to identify the parameters descrihing dry matter distribution, 
maintenance respiration and dry matter conversion efficiency. Until suitable on-line 
measuring techniques are available, one could rely upon off-line identification 
procedures. Data of plant growth and of plant environment returned from a database 
could be feed to the identification procedure. 
I will focus now on the utility of the chlorophyll fluorescence technique and the 
micromorphometric metbod for identifying in reai-time the parameters of the 
photosynthesis submodeL Clearly, simultaneous measurements of leaf C02 uptake rate 
and of leaf environment should be available as to determine the parameters of the 
concerning submodeL Now if, 1) the chlorophyll fluorescence technique afforded to 
measure linear electron flow rate, 2) the products emanating from linear electron 
transport flow were merely dissipated within the reactions of the photosynthe tic carbon 
reduction (PCR) and the photosynthetic carbon oxidation (PCO) cycle or, altematively, 
the proportion dissipated to alternative electron flow could be derived from a single 
calibration experiment, and 3) the micrömorphometric metbod afforded to assess rates 
of transpiration and hence of the conductance to water vapour diffusion, then the 
possibility would be at hand to monitor, by using both techniques, rates of leaf C02 
uptake. On-line measurements of the conductance to water vapour diffusion permits to 
identify the parameters of a frrst submodel, notably of a submodel that describes the 
changes in conductance to water vapour diffusion to changes in PPF, ambient C02, air 
temperature, air humidity and air movement Such a submodel can be used to describe 
the rate of supply of co2 from the ambient to the sites of carboxylation as a function 
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of the specified enviromnental variables and the parrial pressure of co2 at the sites of 
carboxylation. Provided that chlorophyll fluorescence measurements afforded to assess 
the rate of linear electron transport, i.e. that clause 1 was true, they could berelied upon 
to identify the parameters of a second submodel, notably of a submodel that describes 
the changes in the rate of linear electron transport as a function of changes in PPF, leaf 
temperature and parrial pressure of co2 at the sites of carboxylation. Provided that 
clause 2 was true, both models can be applied to predict upon further specificatien of 
the enviromnental conditions, 1) gross co2 assimilation rate, 2) the parrial pressure of 
co2 at the sites of carboxylation (this parameter is, however, of no immediate 
importance to further growth calculations), and 3) the rate of transpiration. The 
equations for doing so have been shown in the appendix of chapter IV. Predietiens of 
leaf co2 assimilation and of leaf evapotranspiration can be integrated in a erop model 
to predict erop growth and erop evapotranspiration as a function of plant environment. 
The concerning model can be used then to devise optima! control strategies. To this 
end, it should be integrated in a bio-economic model. 
With respect to such an approach, it should be noted also that the rate of transpiration 
affects air humidity and leaf temperature. Air humidity in turn affects stomatal 
conductance and the leaf to air vapour pressure deficit. Changes in stomatal conductance 
and or in leaf to air vapour pressure deficit eventually affect transpiration. Leaf 
temperature in turn affects the dis tribution of electrans between the PCR and PCO cycle 
reacrions and as such the rate of C02 assimilation. Moreover, it affects the leaf to air 
vapour pressure deficit. Clearly, many interactions can be considered in such a model. 
Leaf area can be retained as output of the growth model. Leaf area should also appear 
as a state variabie in the model. It affords to translate rates of leaf transpiration and leaf 
co2 assimilation to canopy rates and to derive photon flux densities at the level of the 
leaf from above canopy measurements. Finally, it should be noted that the approach just 
presentedis only approximative since the micromorphometric methad merely yields the 
average conductance to water vapour diffusion. This average is subsequently used in an 
equation that is non-linear in the conductance in order to predict leaf co2 assirnilation 
rates of individual leaves (appendix chapter IV). By doing so, the average of the 
predictions of leaf co2 assimilation rates will be biased away from the value that would 
be obtained if for the predictions of leaf co2 assimilation rate, the proper value of 
stomatal conductance were used. 
In the present work, i.e . in chapter IV, it has been evidenced that either clause 1 or 
clause 2 is false or that bothof them are false. The distribution of light energy between 
photosystem I (PSI) and photosystem II (PSII) reaction centers changes or the 
proportion of products of linear electron flow dissipated to alternative pathways is 
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highly variable. Accordingly, merely measurements of PSII chlorophyll fluorescence do 
not permit to predict the electron requirement of the PCR and PCO cycle reactions. The 
introduetion of an additional biosensor that recently became available on a commercial 
basis and that allows to quantify efficiency of PSI photochemistry from leaf absorbance 
changes at 830 nm (Schreiber et al., 1988), may allow to assess the distri bution of light 
energy between both photosystems. Hence, further research should elucidate whether 
measurements of both PSII and PSI photochemistry would suffice to predict electron 
use in the PCR and PCO cycle reactions and accordingly to predict leaf C02 
assirnilation rate. 
In chapter VI, I demonstrated that the micromorphometric method can be used to 
quantify the rate of transpiration and consequently, to determine the conductance to 
water vapour diffusion, yetI hasten to add that the approach requires calibration against 
transpiration measurements. Measurement of sapflow according to the heat balance 
technique, may provide an alternative. The heat balance method does not require 
calibration against transpiration measurements. Nevertheless, sapflow measurement can 
directly be translated into rate of transpiration only when steady state conditions apply 
(chapter V). 
Hence, the possibility to identify the parameters of the photosynthesis submodel in real 
time, notably by using assessments of leaf co2 assirnilation rates derived from 
concurrent chlorophyll fluorescence and micromorphometric observations, and this 
without making resource to gas exchange measurements, is not irnmediately at hand. 
In other words, gas exchange measurements are still required to determine the 
conversion factor that is required to translate chlorophyll fluorescence measurement into 
rate of C02 assirnilation (i.e. the approach presented in chapter II). Clearly, the 
conversion factor has to be determined for the range of conditions of C02 , light and 
temperature which apply in the greenhouse. Furthermore, the conversion factor is 
expected to change upon changes in stomatal conductance. Hence, it should be 
considered also as a function of stomatal conductance. Again, this implies that 
throughout operation, stomatal conductance should be measured in order to derive 
appropriate values for the conversion factor. 
In the following, I would like to promote an alternative philosophy. In particular, I will 
present a cultivation support system that makes optimal use of the tools or techniques 
presented in this work along with concepts of modern information technology. 
Before going into this subject, I would like to point out that cultivation procedures, 
when applied, result .in specific values · for the greenhouse environmental variables 
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(ambient C02, air temperature, substrate temperature, etc ... ). It should be clear first of 
all that the relation between cultivation procedures and greenhouse environmental 
variables depends upon the exogenous variables. For specific values with respect to the 
greenhouse environmental variables (i.e. other than irradiance), biologica! growth can 
uniquely be described by a shortwave irradiance based growth function, as has been 
demonsttated in chapter I. The growth function is uniquely determined by its function 
parameters. Hence, to each set of values for the distinct greenhouse environmental 
variables, a unique set of function parameter values can be attached. Cultivation 
procedures can be derived then for each set of values for the environmental variables 
(note that with each set corresponds a unique set of values for the irradiance based 
growth function parameters), provided that the- starting date, the location of the 
experiment, the type of the greenhouse and the time functions of the exogenous inputs 
are further specified. Clearly, in planning and seasonal optirnization of greenhouse 
elimate (i.e. in determining preset cultivation procedures), the time functions of the 
irradiance and of the outside temperature can be derived from standard meteorological 
conditions. In instantaneous optimization, preset cultivation procedures can be further 
adjusted, using actual observations of exogenous observations. 
It is proposed then that whenever a specific erop is grown, the information concerning 
environmental variables (i.e. other than the irradiance) as wellas the function parameter 
values of the shortwave irradiance based growth function (i.e. derived from growth data 
of the experiment) should be supplied to a database. The database should run on a 
server and as many growers (clients) as possible should be able to access the database 
(i.e. for insert, update and query commands). Initially, the only database table that 
should be populated would be a lookup table with plant narnes (genus, species, cultivar) . 
Two additional tables should be populated throughout operation. A database table 
ENVIRONMENT could be created to store the information (observations) of the 
environmental variables. Each variabie should correspond to a column in the 
ENVIRONMENT table. For each experiment, only a single, i.e. average, value should 
be loaded into the distinct columns of the tableunder consideration. Nevertheless, more 
detailed information could be supplied by creating separate columns for day and night 
averages or morning, noon, evening and night averages. A database table 
GROWTH_FUNCTION could be created to store the parameter values of the shortwave 
irradiance based growth function . Each row in the GROWTH_FUNCTION table should 
correspond with a specific row in the ENVIRONMENT table. 
It should be recognized that the database will grow dynamically. For each growth 
experiment of a specific dient, the averages of the records with respect to the various 
environmental variables as wel! as the parameters of the growth function will be 
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available at the end of the growth period. The information can be loaded then into the 
database. However, if the environmental conditions of the concerning experiment were 
not much different from those of a previous experiment (i.e. of which the environmental 
. data and function parameter values have already been supplied to the database), a test 
should be performed to assess whether or not the database should be updated (i.e. 
whether or not the rows in both tables cortesponding to the previous experiment should 
be replaced with the information of the new experiment). In this test, the irradiance 
integral required to grow the plants from an initia! size to a marketabie size is 
calculated for both experiments under consideration. The irradiance integral derives 
from the irradiance based growth function, notably by using the inversion technique. If 
the irradiance integral of the new experiment is smaller than that of the previous one, 
suggesting that in the new experiment, light was utilized more efficiently in terros of 
leaf area or biomass formation, the row cortesponding to the previous experiment is 
deleted in both tables and a new row, with the information of the new experiment, is 
added. Alternatively, if the irradiance integral derived from the new experiment exceeds 
the integral derived from the previous experiment, the database is not updated. This 
means that the information of the new experiment is not loaded into the database. 
To evaluate whether or not the environmental conditions of any new experiment (i.e. 
of which the inforrnation has notbeen loaded yet into the database) are different from 
those of any previous experiment, the following procedure could be used. If n denotes 
the number of environmental variables to be loaded into the ENVIRONMENT table, 
the n variables or their normalized values (i.e. obtained by expressing the variabie 
relatively to its column average, derived from the database) could be considered as a 
point of a n-dirnensional space. If the distance between the point, associated to the new 
experiment, and the point, associated to any other experiment already in the database, 
would be Jonger than a critica! value, the data of the new experiment could be added 
to the database without replacement. The critical distance has to be determined in 
function of storage capacity. 
How can the database be used then as a cultivarion support system ? To answer this 
question, I will consider first the kind of inforrnation that can be returned by the 
database and the typical queries that should be perforrned in this regards. Assume that 
a greenhouse manager want to have quantitative inforrnation concerning biologica! 
growth fora specific cultivar, for instanee Ficus benjamina cv. Exotica, and for instanee 
for well defined values with respect to air temperature, i.e. 22°C, and ambient C02, i.e. 
800 J.Lmol.moi·1• The database can then be consulted to return the parameters of the 
various growth functions as well as of the environmental conditions that should be 
applied in conjunction with an air temperature of 22 ° c and an ambient co2 mole 
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fraction of 800 ~mol.moi· 1 in order obtain growth rates as scheduled by the various 
growth functions. In case of an ORACLE database, the following SQL script could be 
used to return this information : 
SELECT 
FROM 
WH ERE 
A.PARl, A.PAR2, A.PAR3, B.TEMPAIR, B.TEMPSUBSTRATE, 
B.HUMIDITY AIR, B.HUMIDITYSUBTRA TE, B.C02 
GROWTH_FUNCTION A, ENVIRONMENT B 
A.NAME =Ficus benjamina Exotica AND A.EXPT_ID=B.EXPT_ID 
AND B.TEMPAIR=22 AND B.C02 =800 ; 
Note that the growth functien's parameter values are not relevant as such. What is 
actually important to the greenhouse manager is the irradiance integral required to grow 
the plants to a marketabie size. The irradiance integral can directly be obtained from the 
parameter values, i.e. by applying the inversion technique. Let denote by L. = f(parl, 
par2, par3, I;) the growth function, L. being plant leaf area and Ç irradiance integral. 
The irradiance integral to grow the plants from an initial size, L. 1, toa marketabie size, 
Lal, can be obtained as [f 1(parl, par2, par3, Lal) - f 1(parl, par2, par3, L.1)] . The script 
of the query can be embedded then in a procedure that contains the expression to 
calculate the irradiance integral. 
In this regards, the database could be used to return for a specific cultivar values of the 
irradiance integral that are required to grow plants to a marketabie size. In conjunction 
with each value of the irradiance integral, the values that have to be used for the distinct 
environmental variables in order to obtain marketabie plants for the specified irradiance 
integral, are returned. The values for the various environmental variables, or of a subset 
of these variables can be specified also in the query in order to limit the result set. This 
might in particular be the case if permissible values for these variables have been a 
priori defined. 
Now, it might become elear how to use the database in order to solve the particular 
questions the grower is faced with in management and operation. First of all, in 
selecting the erop type (species or cultivar) that might give the best net economie return 
to the specific greenhouse manager, the database could be consulted successively, with 
a different plant name in each query. The results (irradiance integral for each species 
or cultivar and corresponding environmental conditions) could he passed to a elient 
program . This elient program could compute then for the specific conditions with 
respect to the date, the type of greenhouse, the location and the (expected) prices of, 
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fuel, electricity, nutrients, and plants (i.e. which should be input to the elient program): 
1) cultivarion procedures that should be applied to achleve the specified greenhouse 
environmental conditions returned with each value of the irradiance integral. They can 
be derived from a sirnple greenhouse elimate model. Standard meteorologieal data could 
be used as input to the model ; 
2) the growth period, i.e . the period it takes to grow the plants to a marketabie size. It 
can be derived from the irradiance integral, standard meteorological data (notably of 
solar radiation) and the greenhouse transmission coeffieient (see also Fredrick & 
Lemeur, 1992) ; 
3) the costs to grow the plants to a marketabie size for the specified greenhouse 
environmental conditions. They can be derived from the cultivarion procedures (point 
1) and the growth period (point 2) ; 
4) the gross economie return. It can be derived from the expected plant prices. In this 
respect, knowledge of the growth period (point 2) is required ; 
5) the net economie return. It can be derived from the costs (point 3) and gross 
economie return (point 4). 
The greenhouse manager can select then the combination of erop type and greenhouse 
environmental conditions that will give for his particular situation the best net 
economie return. Once the erop type is determined, the elient program can be run to 
derive when the specifie developmental stages that require further manipulations, will 
be achieved. The information of these stages permits Iabour and space planning as 
well as the planning of the acquisitlon of materials . For instance, in addition to the 
date of marketing, the manager might be interested to know when the cuttings will have 
to be potted up (in this respect, he would like to know for instanee when plant leaf area 
equals 150 cm2), when they will have to be tied up (for instanee when plant leaf area 
equals 800 cm2), when specific pesticides have to be applied, etc .. . To derive the 
concerning dates, the leaf area (or plant biomass) the plants should have when the 
specifie manipulations are carried out, should be specified. First of all the irradiance 
integrals required to achleve the specifïc leaf area values should be derived. Again, the 
inversion technique should be applied to this end. Finally, the time span corresponding 
to the irradiance integra1 can be derived from the standard meteorological data of the 
specifie location and the greenhouse light transmission coefficient. The preset 
cultivation procedures that should be applied to obtain the desired greenhouse 
environmental conditions retumed upon the database query, i.e. the environmental 
conditions which will finally result in the desired growth track, are derived as explained 
in the previous paragraph {point 1). 
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It should be clear that the approach presented here benefits from the information of 
previous growth experiments from many growers. The use of shortwave irradiance 
based growth functions in this approach permits to exchange information between 
growers and to use information of, or to learn from, previous growth experiments, 
regardless of their starring dates. In other words, the decision support system can 
provide useful information to a specific grower about a specific cultivar even if the 
cultivar has never been grown by the grower under consideration. If, for instance, a 
cultivar has previously been grown by a grower X in January under specific 
environrnental conditions, a grower Y who wants to grow the cultivar in March can 
consult the database if he would like to know the duration of the growth period. Clearly, 
the cultivation support system can be developed with a minimum of Iabour or 
manipulative action and this in a limited period. This is most important, in particular 
because it has to cope with a wide range of cultivars and the life time of each cultivar 
is in general quite low. The efforts to fill the database can be spread out over a large 
group of people, i.e. growers. Furthermore, they are in proportion to the activities of the 
individual growers. The information that can be shared is stored in the database, 
whereas the specific information of each individual grower (greenhouse technology, 
location) or experiment (starting date, prices) has to be input by the grower. The 
specific information can be passed also following each database query by a elient 
subprogram to the elient main program. It should be noted also that the calculations of 
the duration of the growth period are simple. Furthermore, the metbod just presented 
selects the environrnental conditions that maximize net economie return globally, i.e. 
for the overall growth period. 
Nevertheless, I would like to emphasize that the preset greenhouse environmental 
conditions wil! give for standard meteorological conditions and price information and 
for the specific conditions of starring date, location, greenhouse type, greenhouse 
technology, etc ... the best economie return arnong the alternatives stored within the 
database. This does not insure that the best possible conditions, i.e. which maximize 
the economie performance measure, are selected. First of all, for each species, the 
outcome of the database query is limited to the selection arnong the alternatives within 
the database. Because of the multitude of possibilities, it is unlikely that the database 
contains the optima! conditions. Moreover, actual weather conditions and prices may 
differ from standard conditions or prices, whereas the selection arnong the alternatives 
is based upon the assurnption that standard weather conditions and standard prices 
apply. Hence, predictions of net economie return are prone to error. Finally, it should 
be noted that the plant-greenhouse-system is composed of an observable and 
unobservable part (which is not measured or cannot be measured). Due to the existence 
of an unobservable part which interacts with the remaining part, any predierion of plant 
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growth and of greenhouse environmental conditions as well is prone to error. Therefore, 
different growth rates may be observed in growth experiments in which the same 
environmental conditions are applied. 
Clearly, there remains a gap between intention (maximizing net economie return) and 
implementation. For instance, the metbod just presented provides preset greenhouse 
environmental conditions, yet it does not specify how to respond to deviations in 
weather conditions from actual conditions or to deviations of plant growth from 
scheduled growth, the latter indicating that the plant behaves different than expected. 
To meet these issues, the database can be consul ted again once actual weather 
conditions and actual plant growth data are available. In this regards, the remaining 
duration of the growth period can be computed continuously throughout the growth 
period and this for the various alternatives in the database with respect to the 
environmental conditions. The actual leaf area is retained as the initia! leaf area value 
for the calculations of the irradiance integral. New environmental conditions and 
cultivarion procedures can be selected, taking into account also new price information. 
Furthermore , biosensors, which give information of distinct plant processes can be used 
to fine-tune environmental conditions throughout operation, taking into account actual 
plant responses. The plant is used in this respect as "sensing device" for the 
environment. 
In case fine-tuning is based upon information of distinct plant processes and if changes 
in these processes cannot be translated into changes in plant growth and hence in net 
economie return, the success of the actual environmental conditions can still be 
evaluated by camparing actual plant growth against the baseline provided by the 
irradiance based growth functions . The difference can then be translated in profits. It 
allows in particular to state whether the adjustrnents of the environmental conditions 
from preset conditions will imprave net economie return. To this end, the actual growth 
(for instance, the increase in plant leaf area) over a period of several days should be 
determined. Next, the shortwave irradiance integral over the period under consideration 
could be retrieved from the elimate computer. The initia! leaf area, i.e. observed at the 
beginning of the period, the leaf area increase and the measured irradiance integral 
could be passed then to a software subprogram to assess first of all the reference 
irradiance integral, notably the one that would have been required to achleve the 
specified leaf area increase if the environmental conditions returned by the database had 
been applied. The difference between measured and reference irradiance integral should 
be multiplied then with the duration of the period under consideration and divided by 
the measured irradiance integral. By doing so, the reduction or increase in the period 
it takes to obtain the specified increase in leaf area is obtained. The relative change in 
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the period can then be balanced against the relative change in the costs per unit of time. 
It should be acknowledged that the conclusions that derives from such an evaluation 
cannot be extrapolated to the overall growth season. The relative changes in the period 
required to obtain a unit increase in plant biomass as resulting from changes in the 
greenhouse environment, on the one hand, and the relative changes in the costs 
associated to the changes in the greenhouse environment, on the other hand, may 
change differentially throughout the growth period. 
In case the environmental conditions returned by the database are applied, the shortwave 
irradiance based growth function can still be used as a bio-analysis tooi. Any negative 
deviation of measured leaf area from scheduled leaf area would reveal that : 
1. the plant suffers from some physiological disorder or, 
2. the plant suffers from a disease caused by pest parasites or, 
3. the recording system of environmental conditions fails, or a calibration factor 
is inappropriate or a sensor fails . The possibility of inaccurate irradiance 
measurements should be checked as well. 
In case of a negative deviation, an interactive diagnosis program might be called upon 
to identify the cause of the disorder. To do so, the program should ask questions to the 
greenhouse manager. 
In case measured leaf area exceeds scheduled leaf area, the diagnosis program should 
try to find out frrst of all if the records of the environmental conditions, including 
irradiance, are reliable. If they appear to be reliable, the database should be updated (i.e. 
the data returned by the_ database in the instanee under consideration should be replaced 
with those of the new experiment). The positive deviation could be interpreted then as 
indicating that any of the three possibilities mentioned in the previous paragraph 
occurred in the experiment that yielded the data returned by the database. 
It should be acknowledged that evaluation and diagnosis is based upon measurements 
of actual plant leaf area. How to provide the leaf area measurements might be a topic 
of further research and development. Direct measurements of leaf area can be obtained 
with a leaf area meter. Note that this method does not require plant destruction, though 
its main advantage is the high measurement accuracy. Unfortunately, a leaf area meter 
is rather expensive . Furthermore, measurements have to made manually. Another 
possibility would be to use easily measured parameters. Plant leaf area could be derived 
then from these parameters by using regression curves. For species with many leaves, 
such as Ficus benjamina, plant height and plant diameter or number of branches would 
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be appropriate parameters. For species with only few leaves, such as Ficus elastica, the 
number of leaves and the average leaf dimensions could be retained. In addition, new 
possibilities for on-line monitoring of leaf area are at hand. A vidicon camera and an 
image analysis system can be used to record plant silhouette (Hack, 1992 ; Fredrick & 
Lemeur, 1990). A calibration curve is further required to convert the measurement of 
plant silhouette (or image area) to plant leaf area. Linear variabie displacement 
transducers afford to monitor daily stem diameter evolution (chapter V). Again, a 
calibration curve is required to convert daily stem diameter evolution to daily plant leaf 
area increase. 
It should be noted also that the reliability of the proposed cultivation system heavily 
depends upon the integrity of the environmental data in the database. For each set of 
growth-function parameters in the database, a corresponding set of environmental 
conditions exists. Of course, problems arise if measurements of the environmental 
conditions are biased away from their true values. In this respect, it is important that 
sensors are installed appropriately (for instanee a solarimeter should be mounted 
horizontal and above the canopy) and preferentially on a representative location. 
Because of gradients in greenhouses, standardization with respect to the sensors' location 
is very important. Inappropriate operation should be avoided (a psychrometer should be 
filled with water, the glass dome of solarimeter should be clean). Sensors should be 
calibrated regularly. Changes in amplification factors should be corrected for. . 
Furthermore, the system has to be provided with adequate testing procedures. In this 
respect, recorded values should not exceed critica! values and should be related with 
setpoint values. Mode Is can be used to assess the reliability of measured environmental 
conditions. Setpoint values could be used as input. 
Finally, I would like to comeback to the role biosensorscan play in the just presented 
cultivarion support system. I pointed out already that biosensors can be used to align 
plant environment with actual plant needs and hence to improve the preset 
environmental conditions (i.e. which are returned from the database query) . Again, there 
are different possibilities. First of all, the signals or a quantity derived from the signa! 
can be directly applied to a set of beuristic rules of the AND/OR and IF/THEN/ELSE 
type. For instance, if the stem diameter shrinkage exceeds a PPF based critica! value, 
the beginning of irrigation should be triggered (chapter VI). The main concern of the 
rules might be to guarantee plant well being. A particular role reserved for biosensors 
in this respect is detection of physiological plant disorder. Recognition of physiological 
plant disorder can be foliowed then by proper actions. Furthermore, the use of 
biosensors affords to assess whether or not certain inputs are spent in a cost effective 
way. It should, however, be pointed out that when various sensors are used, information 
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of a multitude of processes and parameters will be available. In this respect, conflicting 
interests may arise. Conflicts cannot be dealt with adequately because the rules are 
intuitively and not deterministically linked with the intention of optimizing net economie 
return. 
The second possibility concerns the use of the biosensors' signa! in parameter 
identification. This possibility has been dealt with already in a previous paragraph, i.e. 
when I discussed the use of bic-economie models. Simultaneous measurements of a 
biosensor or of a derived quantity on the one hand and of elimate sensors on the other 
hand can be feed to recursive parameter estimating algorithms. By doing so, parameters 
of functions descrihing plant reaction on chang~in environmental variables, can be 
identified. For instance, on-line chlorophy ll fluorescence measurements, when converted 
to C02 assimilation rate by using empirically derived conversion factors, in conjunction 
with measurements of air temperature and hurnidity, ambient C02 and of PPF, permits 
to deri ve the parameter values of a photosynthesis model. The resulting parameter 
values apply then to the "real world" conditions. Appropriate values for the 
environmental variables under consideration can be derived subsequently from the 
predictions of the model. The "desired" environmental conditions have to be translated 
further in elimate control actions. The major concern of such an approach is the 
defmition of a performance criterium. From an economical point of view, leaf C02 
assimilation rate could be increased for instanee until the marginal costs associated to 
the increase equal the marginal return. The problem relates then with the identification 
of the marginal return that has to be attached to a marginal increase in co2 assimilation 
rate. In this regards, it makes more sense to integrate the responses in a growth model. 
The growth model affords then to translate the changes of leaf C02 assimilation rate 
into changes in growth (for instanee leaf area expansion). That this might be a 
possibility has been illustrated in chapter II. Next, the expected reduction in growth 
period can be derived. The reduction in growth period in turn can be translated into a 
reduction in operational costs. A suitable performance criterion should balance then the 
reduction in costs resulting from a reduction in growth period against the increase in 
costs associated to the changes in the environmental variables. Nevertheless, I pointed 
out already that changes in elimate variables not only affect leaf area expansion through 
changes in leaf C02 assimilatory activity, but also through changes in assimilate 
partitioning, maintenance and growth respiration, etc ... Clearly, still a lot of research has 
to be done to obtain models that are reliable for a range of conditions as wide as 
possible and therefore of use in practice . 
I would Iike to pursue the first possibility further, notably the direct use of the 
biosensors' signa! or of derived quantities in rules of the ANDJOR and IF/THEN/ELSE 
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type. In particular, I will explore possibilities with respect to the biosensors presented 
in this work. The chlorophyll fluorescence technique affords to determine the 
photochemical efficiency of PSII. In chapter III, it has been evidenced that changes 
observed in the photochemical efficiency of PSII upon changes in the plant ( or leaf) 
environment affords to identify the biochemica! factor that limits leaf co2 assimilation. 
Moreover, measurements of leaf temperature permits to assess the distribution of the 
productsof linear electron flow between the PCR and PCO cycle reactions (chapter IV). 
Leaf temperature can be measured with a thermocouple or an infra-red radiometer. 
Apart from biochemica! limitations, C02 assimilation can be limited by the supply of 
co2 to the sites of carboxylation. In particular, this will be the case upon stomatal 
closure . The rnicromorphometric metbod can in principle be relied upon to assess the 
conductance to diffusion of C02 to sites of carboxylation (chapters V and VI). Once the 
factor that exerts control over co2 assirnilation has been identified, the possibility is at 
hand to state whether or not inputs are spent in a cost effective way and to determine 
which environmental factor should be altered preferentially in order to stimulate co2 
assimilation or may be altered without any reduction in the rate of C02 assimilation. 
Clearly, optimization of C02 assimilation connotes also control of plant water status as 
the latter interferes with stomatal conductance. Stomatal conductance affects supply of 
C02 and interferes consequently with C02 assimilation. Stomatal conductance affects 
also leaf temperature. Leaf temperature interacts with C02 assimilation via its effect on 
biochemica! reacrions and on the distri bution of the productsof photochemistry between 
PCR and PCO cycle reactions. It should be acknowledged then that, first of all, 
optimization of the process of co2 assimilation does not necessarily implies that net 
economical return is optimized. Hence if the grower wants to evaluate the control 
actions in termsof net economie return, actual growth should still be compared against 
the baseline generated by the growth function. In this respect, economie success is 
evaluated against the profit that would have been achieved if the conditions returned by 
the database were applied (see also foregoing paragraphs). Secondly, if one wants to 
develop rules, one should define first of all for what ends. Hence, one should set out 
goals. Next, a set of rules, that can be used tomeet these goals, is developed. Goals and 
rules are based upon intuition. Whether or not the goals and rules are appropriate is 
evaluated as just discussed. In the fóllowiilg, two sets of rules with different goals are 
discussed. 
Shown next are a series of rules to which the observations of chlorophy 11 fluorescence, 
stem diameter fluctuations and leaf temperature are input. The rules are adept at 
identifying limiting factors to leaf C02 assimilation. Their main concern is to maintain 
preset environmental conditions, i.e. as retumed by the database query, until with time 
of illumination, a decline in PSII photochemistry is observed and this decline can be 
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interpreted as being indicative of a physiological disorder. With time of illumination 
means that for the same environmental conditions, a higher PSII photochemical 
efficiency has previously been observed (for instanee in the morning or during the 
previous day). This implies that the system should keep track of the maximum 
photochemical efficiency being observed for each set of values for the environmental 
variables. The decline in PSII photochemical efficiency could be interpreted then as : 
1. an alert that inputs to the leaf co2 assimilatory process should be lowered 
because export of assimilates cannot keep pace with their formation. 
Regeneration of orthophosphate limits C02 assimilation. In this respect, the 
plant can no longer benefit from the high rates of supply of light and C02 • In 
this respect, the deciine in PSII photochemical efficiency will lead to an 
increase in the intercellular partial pressure of co2 and might accordingly be 
foliowed by a decrease in stomatal conductance and then by an expansion of 
stem diameter. This sequence can be subjected to further research. Note that 
a high co2 partial pressure in the leaf suppresses regeneration of 
orthophosphate (carboxylation leads to sequestering of orthophosphate in 
sugars, whereas orthophosphate is released from sugars following oxygenation, 
chapter III). Clearly, under these conditions, the plant will benefit from a 
reduction in the ambient C02. Because of the reduced capacity for light energy 
dissipation via photochemistry, progressive damage to photosystem 11 
(photoinhibition) may occur (chapter lil). Accordingly, it would be 
recommendable to reduce under these conditions also the PPF, especially if 
ambient C02 cannot be lowered. Furthermore, it is to be expected that a 
deciine in the PPF would enhance stomatal ciosure . Stomatal ciosure in turn 
leads to an increase in leaf turgor potential. An increase in leaf turgor potential 
may stimulate export of sugars from the leaves and release of orthophospha te 
and may consequently suppress inhibition of C02 assimilation. Note that under 
the specific conditions considered here, partial stomatal ciosure would not 
induce any reduction in the rate of co2 assimilation provided that co2 
assimilation remains under control of the capacity for orthophospha te 
regeneration. On the contrary, partial stomatal ciosure would lead to a 
decrease in the intercellular partial pressure of co2 and favour accordingly 
regeneration of orthophospha te. On balance, the decrease in PSll 
photochemistry should be foliowed by an interruption of the supply of C02 • If 
it has been interrupted yet, lighting could be interrupted or shadow sereens 
could be drawn. If C02 supply and supplementary lighting had been interrupted 
already and shadow sereens had been drawn yet, substrate and or air 
temperature could be increased in order to stimulate sink activity. A concurrent 
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increase in leaf temperature would favour oxygenation relative to carboxy lation 
and as such release of orthophosphate from phosphorylated sugars (chapter III). 
2. an impairment in supply of C02 to the sites of carboxylation (chapter III) or 
in other words to a decline in stomatal conductance. The decline in stomatal 
conductance could be due to water shortage. Alternatively, it could be ascribed 
to a strong atmospheric water demand or in other words to a high leaf to air 
vapour pressure deficit. In case of insufficient substrate water availability, the 
reduction in PSII photochemical efficiency would have been preceded by an 
increase in stem diameter shrinkage. In chapter VI, it has been shown indeed 
that in case of substrate water depletion, an increase in stem diameter 
shrinkage can be observed prior to any substantial reduction in stomatal 
conductance. Hence, if the decline in PSII photochemical efficiency is 
preceded by an increase in stem diameter shrinkage above a critica! value 
(which is function of PPF as explained in chapter VI), it is mediated by 
stomatal dosure and stomatal dosure in turn results from insufficient substrate 
water availability. Accordingly, plants should be watered and ambient C02 can 
be temporarily increased to prevent photoinhibition. Alternatively, if stem 
diameter shrinkage is pronounced but does not exceed a PPF based critica! 
value (chapter VI), it can be concluded that substrate water availability is 
adequate and that transpiration exceeds the plant's capacity for water uptake. 
The development of a negative plant water balance eventually results in 
stomatal dosure. Stomatal dosure in turn impairs supply of C02 , and is 
foliowed then by a dedine in PSII photochemical efficiency. Furthermore, 
because of stomatal dosure, stem diameter will start to swell again (chapter V) 
and leaf temperature will increase. Hence if a decrease in PSII photochemical 
efficiency and a concurrent expansion of stem diameter and increase in leaf 
temperature are observed and stem diameter shrinkage is pronounc ed (being 
indicative of a very negative plant water balance), first of all measures should 
be taken to reduce water losses (i.e. measures which favour stomatal dosure 
or reduce atmospheric water demand) and secondly to enhance co2 supply. 
First of all, supplementary lighting could be interrupted and or shadow sereens 
could be drawn. The ambient C02 mole fraction could be increased. An 
increase in the ambient co2 mole fraction under these conditions will proteet 
PSII from photoinhibition and should - this is most important - be foliowed 
by an increase in PSII photochemical efficiency. A further decrease of PSU 
photochemical efficiency upon co2 enrichment could be interpreted as being 
indicative of an incorrect diagnosis in that the d~cline in PSII photochemistry 
had to be assigned to limitation by the capacity for orthophospha te 
regeneration (point 1) and not to a limited supply of C02. 
222 
The set of rules just discussed will merely alter the preset environmental conditions if 
the plant start to suffer under these conditions. Alternatively, the rules can be designed 
in such a way to align plant environment progressively with actual plant requirements 
or plant function, even; in the absence of any physiological disorder. In this regards, I 
would like to present a set of rules which are based also on measurements of PSII 
photochemical efficiency and stem diameter fluctuations . The goal is to alter plant 
environment (ambient co2 mole· fraction, humidity, etc ... ) as a function of irradiance 
to such an extent that the control of leaf C02 assirnilation will eventually be shared 
between the capacity for ribulose 1 ,5-bisphospha te and the capacity of rubisco to fix 
C02• The rationale of doing so is that the plant wil! nothave to momtlate mves.tment 
patterns of resources within the photosynthetic apparatus (towa.Ids capacity of exploiting 
light, ftxing C02 or metabolizing photosynthetic products) . In other words , the inputs 
(environment) should be adjusted with cl1anging outside irradiance in such a way that 
the "plant machinery" has not to be redesigned in order to process these inputs. It is to 
be expected that such an approach may contribute to a cost effective use of energy and 
C02• Nevertheless, I acknowledge that this contention is a matter of argument and hence 
of further research. The following rules , which are presented here in format that 
resembles program souree code, have been selected to this end : 
1. IF the photochemical efficiency of photosystem II decreases AND the ambient 
C02 mole fraction decreases, THEN C02 limits C02 assirnilation; I* Note that 
the IF clause might be true when C02 supply has been interrupted and or 
irradiance increases, such as in the morning *I 
2. IF C02 lirnits C02 assirnilation AND the ambient C02 mole fraction is lower 
than a critica! value (for instanee 1000 f.Lmol.mol-1) AND the vents' opening 
does not exceed 30%, THEN C02 should be supplied ; 
3. IF the ambient C02 mole fraction increases AND the PPF is not increasing 
AND the photochemical efficiency of PSII remains unaffected, THEN light is 
lirniting co2 assirnilation ; 
4. IF light is limiting C02 assirnilation, THEN C02 supply should be interrupted 
AND shadow sereens should be opened ; 
5. IF the ambient C02 mole fraction increases AND the PPF is not altered AND 
the photochernical efficiency of PSII decreases, THEN C02 assirnilation is 
lirnited by the capacity for orthophosph ate re generation ; I*This might be the 
case for instanee in the afternoon when a high proportion of orthophospha te 
is sequestered in sugars*l 
6. IF C02 assirnilation is limited by the ca pa city for orthophospha te regenera ti on, 
THEN C02 emichment should be interrupted AND shadow sereens should be 
drawn ; I shadow sereens are drawn to prevent PSII photoinhibition */ 
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7. IF the ambient C02 mole fraction decreases OR if it is not altered AND the 
PPF is not altered AND the stem diameter expands, THEN water losses are 
excessive ; /* negative plant water balance leads to stomatal dosure and 
stomatal dosure in turn results in an expansion of stem diameter ; this is also 
most likely to occur in the afternoon */ 
8. IF water losses are excessive, THEN shadow sereens should be drawn AND 
C02 should be supplied ; /* supply of C02 should prevent PSII 
photoinhibition */ 
9. IF stem diameter exceeds a PPF based critica! value, THEN water should be 
supplied; 
The rules can be part of the program souree code, or alternatively, they can be user 
supplied where an expert system act then as a vehicle for questions. 
I recognize that the usefulness of the rules just presented has to be tested further. First 
of all, diagnosis (i.e. identification of actual plant needs) is based upon changes of 
responses of PSII photochemistry and of stem diameter to plant environment. Principles 
and knowledge that is used here derives in part from experiments described in the 
previous chapters. In genera!, these experiments had a limited number of varying 
factors. In a plant production system, many factors may change concurrently. Hence 
because of interference with other elimate variables, the responses of the biosensors' 
signa! might be obscured or the cause of the changes in the signals might not always 
be clear. Problems may also arise from the fact that different leaves from the same plant 
or that different plants show different behaviour. Hence, the question may be addressed 
of how many plants or leaves should be sampled and which plants or leaves should be 
selected. 
Suffice it to say that in order to integrate the techniques presented in this work in a 
cultivarion support system, many alternatives can be proposed. Some concepts are 
directly useful in practice, other might seem close to science fiction. A particular 
approach deserved special attention. In this approach, parameters of an irradiance based 
growth function, in conjunction with a set of values for the various environmental 
variables, from experiments of a wide range of growers, are stored in a database. The 
database is continuously updated. The database is consulted to select the plant species 
that will give the highest profit The environmental conditions required to obtain this 
profit are returned also upon the database query and cultivarion procedures can be 
derived accordingly. Furthermore, Iabour and space planning as wellas the planning for 
the acquisition of materials derives from the irradiance based growth function. 
Throughout operation, biosensors are applied to align the plant environment with actual 
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plant needs. The irradiance based growth function is relied upon again to evaluate the 
appropriateness of the adjustments in the plant environment in terms of net economie 
return. 
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